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ABSTRACT 
 MhuD is a heme degrading enzyme from Mycobacterium tuberculosis that 
catalyzes both monooxygenation and dioxygenation leading to novel chromophores, 
mycobilins. The X-ray crystal structure of heme-bound, cyanide-inhibited MhuD displays 
a ruffled heme substrate where pyrrole rings are rotated around the Fe–N bonds, distorting 
the heme. The electronic structure of the heme in heme-bound, cyanide-inhibited MhuD 
(MhuD–heme–CN) is characterized here to provide insight into the mechanism of heme 
degradation by MhuD. Analysis of nuclear magnetic resonance (NMR) and magnetic 
circular dichroism (MCD) data for MhuD–heme–CN leads to the conclusion that the 
ground, (dxz,yz)
4(dxy)
1 electron configuration (2B2g state) and excited (dxy)
2(dxz,yz)
3 electron 
configuration (2Eg state) are close in energy allowing thermal population of the excited 
state at cryogenic and physiologically-relevant temperatures. The accessibility of two 
electronic states is studied with a combination of microbiology, spectroscopy, and 
computational analysis. The computational model developed describes a ground state that 
is close in energy to the excited state at ruffled geometries. Additionally, the heme is shown 
to be dynamic in the MhuD active site as the ground state hosts a double well potential in 
the ruffling coordinate allowing interconversion between a planar and a ruffled heme. To 
investigate the role of a ruffled, 2B2g heme and a planar, 
2Eg heme in the MhuD reaction, 
substitutions are made to alter the active site residues Trp66 and Phe23. The Trp66 variants 
reduce heme ruffling resulting in decreased activity and a more planar heme as determined 
by optical spectroscopy and density functional theory calculations.  F23W MhuD is shown 
to increase heme ruffling stabilizing the 2B2g state as determined by MCD. The F23W 
mutation stabilizes the meso hydroxyheme intermediate suggesting the more planar heme 
substrate conformation is needed to convert meso hydroxyheme into mycobilins. In 
summary, the data presented here strongly suggests that MhuD promotes formation of 
meso hydroxyheme with a ruffled substrate conformation and the formation of mycobilins 
with a more planar substrate conformation. 
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CHAPTER 1: MYCOBACTERIUM TUBERCULOSIS MHUD MEDIATED HEME 
DEGRADATION 
  
2 
 
 
1.1 Global impact of tuberculosis. Tuberculosis was estimated to infect 9.6 
million people in 2014 and kill 1.5 million people.1 For comparison, HIV was estimated to 
kill 1.2 million people, and included in that number are the 0.4 million people which were 
infected with HIV but died due to complications with tuberculosis. While the number of 
people killed by tuberculosis is down from the 1990s, the health concern is still great, 
especially in developing nations.  Tuberculosis can form a multi-drug resistant form which 
can be difficult to treat. Of the people treated for multi-drug resistant tuberculosis only 50 
% were able to be cured. There is a need for new antibiotic targets to aid in the treatment 
of tuberculosis and multi-drug resistant tuberculosis.  
1.2 Iron acquisition by Mycobacterium tuberculosis. Mycobacterium 
tuberculosis, the causative agent of tuberculosis, utilizes iron in at least 40 proteins for 
growth and survival.2 Iron found free in the human host or bound to iron transport proteins, 
transferrin and lactoferrin, can be acquired by M. tuberculosis via two known iron-
chelating siderophores systems.2, 3 Mycobactins are water insoluble and are found bound 
to cells, produced only when the cell is in a low-iron environment. Exochelins are water 
soluble iron chelators found to directly interact with human transferrin and again are only 
produced in an iron-deficient environment.4 Although these systems are in place to collect 
iron for metabolic use by M. tuberculosis, only about 1% of iron is found either in 
transferrin or free in the body. In contrast, most of the iron in the human body is sequestered 
in heme.  
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Figure 1.1. Proposed heme iron acquisition pathway from Mycobacterium tuberculosis 
featuring four known members; Rv0203, MmpL11, MmpL3, and MhuD. Taken from 
reference 7. 
MhuD is a heme degrading enzyme in the heme iron acquisition pathway of M. 
tuberculosis. The heme iron acquisition pathway of M. tuberculosis currently has four 
members identified (Figure 1.1). Rv0203 is a protein capable of binding extracellular heme, 
while MmpL3 and MmpL11 are suspected to be involved in heme transport into the 
cytosol.5, 6 The final member, mycobacterium heme utilization degrader, MhuD, is able to 
bind and degrade heme, releasing the iron for metabolic use.7 Several studies have 
indicated iron acquisition pathways can serve as a new antibacterial target to fight the 
bacterial infections. When M. tuberculosis incubated with a gallium substituted porphyrin 
was poisoned due to release of gallium into the cell.8  In addition, potential inhibitors have 
been identified for the HO in Pseudomonas aeruginosa.9  An inhibitor for M. tuberculosis 
MhuD needs to be highly selective so inhibiting MhuD does not inhibit the ability of HO 
to function in the human body. 
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1.3. Heme degradation by MhuD. MhuD mediated heme degradation leads to the 
release of iron and mycobilins.10 Heme is oxidized at either the β- or δ-meso carbon and 
then the ring cleavage occurs at the cis, α-meso carbon (Figure 1.2). The structure of 
mycobilin was determined from 18O labeling studies coupled with mass spectrometry and 
nuclear magnetic resonance (NMR) spectroscopy.10 Heme degradation is not limited to M. 
tuberculosis MhuD, but is also performed by a wide range of species. Humans and other 
mammals degrade heme, releasing iron, carbon monoxide (CO), and bilirubin with 
canonical heme oxygenaseses (HO) enzymes.11 The main function of HOs is to regulate 
and recycle iron, but CO has been implicated in neurological signaling, and bilirubin is a 
powerful antioxidant. Staphylococcus. aureus utilizes IsdG and IsdI to degrade heme to 
release iron for metabolic use by the pathogen.12 The products of IsdG/I mediated heme 
degradation are iron, formaldehyde and staphilobilins.13, 14 MhuD, IsdG/I, and HO 
represent three distinct classes of heme degrading enzymes which go through three 
different heme degradation pathways as can be seen by their different products (Figure 
1.2). 
 
Figure 1.2. Tetrapyrrole products of heme degradation reactions: mycobilin of MhuD, 
biliverdin of HO, and staphylobilin of IsdG/I.  
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In all three cases, a meso hydroxyheme intermediate has been proposed to be used 
en route to the final products. In HO, a conserved water network has been proposed to aid 
in converting low spin ferric-peroxoheme (compound 0) to meso hydroxyheme.15, 16 NMR 
studies indicate the water network in HO hosts stronger than average hydrogen bonds 
connecting the distal ligand to polar amino acids.17, 18 The hydrogen bonds are though to 
direct an OH radical formed by homolytic cleavage of hydrogen peroxo moiety (OOH) to 
the α-meso position (Figure 1.3).19 The X-ray crystal structures of IsdG and IsdI did not 
reveal any evidence for a conserved water network, but both contained a ruffled heme 
substrate.20, 21 Heme ruffling is a type of out-of-plane heme distortion which rotates the 
pyrrole groups about the nitrogens.22 The ruffled heme changes the ground electron 
configuration from (dxy)
2(dxz,yz)
3 to (dxz,yz)
4(dxy)
1 where the latter can place spin density 
onto the meso carbons, promoting radical or nucleophilic attack of the meso positions.23  
 
Figure 1.3. The conserved water network in canonical HOs connecting the ferric peroxo 
species to polar amino acids. Taken from reference 19. 
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The initial MhuD oxidation leads to the formation of meso hydroxyheme as binding 
synthetic β- or δ-meso hydroxyheme leads to the formation of mycobilin-a or mycobilin-b 
respectively.24 β- or δ-meso hydroxyheme was bound into the active site of MhuD. The 
degradation reaction was performed with molecular oxygen (O2) and hydrogen peroxide 
and monitored with UV/Vis absorption (Abs). The resulting spectra showed heme 
degradation by both meso hydroxyheme isomers. High performance liquid 
chromatography and mass spectrometry confirmed the degradation products were 
mycobilins. In contrast, α-meso hydroxyheme did not lead to formation of mycobilins 
indicating while the heme is always cleaved at the α-position, the cis oxidation of β- or δ-
meso carbons occurs first.  
 
The second oxygenation event in MhuD is a non-iron based deoxygenation step 
which leads to mycobilins. Binding meso hydroxyheme to MhuD and inhibiting the iron 
with CO still produced mycobilins.24 The lack of available binding sites to iron show that 
the addition of molecular oxygen to the porphyrin ring happens at a carbon or nitrogen.  
The electron paramagnetic resonance (EPR) spectrum of CO inhibited MhuD–meso 
hydroxyheme indicates there is a porphyrin based radical, which would promote addition 
of O2.
24 Because the cleavage of the porphyrin ring by MhuD results in cleavage of the α-
meso carbon, it is likely the oxygen addition occurs either at the α-meso carbon or the α-
atom of the adjacent pyrrole group. Interestingly while the addition of oxygen to the β- or 
δ-meso carbon only incorporates one atom of oxygen, the addition of oxygen to the α-meso 
carbon incorporates both atoms of oxygen as observed with mass spectrometry.  
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The ability of MhuD to perform two different types of heme oxygen chemistry, 
monooxgenation and dioxygenation, may indicate two different heme structures are found 
in the active site during MhuD heme degradation. It has been shown that heme distortions 
are linked to certain heme reactivities.22  The electronic structure and reactivity are likely 
altered upon the addition of the initial oxygen which may lead to the alternate oxygen 
reactivity. Alternatively the dynamics of the active site may be such that a ruffled heme 
conformation leads to monooxygenation and a planar heme conformation leads to 
dioxygenation. This thesis discusses the role of heme distortion and second sphere 
coordination effects on the mechanism of MhuD mediated heme degradation. To 
investigate how MhuD is capable of degrading heme with a mechanism unique from other 
heme degrading enzymes, several techniques will be applied to probe the electronic and 
geometric structure of MhuD as well as the role of specific amino acids in heme 
degradation.  
1.4. Experimental and theoretical approaches to studying MhuD. To probe the 
role of amino acids in the second coordination sphere of the heme in MhuD, site-directed 
mutagenesis will be used to alter the identity of the residues. Based on the X-ray crystal 
structure of diheme MhuD, and conserved residues between IsdG, IsdI, and MhuD; several 
residues may contribute to heme degradation activity in MhuD. Two important residues 
that are investigated are Trp66 and Phe23. Trp66 has been shown to contribute to heme 
ruffling in IsdI by forming a hydrophobic interaction with the heme substrate where the 
heme is pushed out-of-plane.25 In MhuD, Trp66 is in a similar location and may contribute 
to heme ruffling. Phe23 is close to the distal ligand in MhuD and may contribute to both 
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heme distortion and distal ligand alignment in MhuD, although minimal changes were 
observed for a F23A mutation in IsdG.26  Site-directed mutagenesis enables specific amino 
acids to be altered to a new amino acid. Once that residue has been altered, the structure of 
the protein can be investigated with UV circular dichroism (UV CD).27  If the protein fold 
is unaffected, heme degradation assays can be performed to compare activity. At that point, 
any change to reactivity is due to a change in the heme geometric and electronic structure 
which can be monitored with the spectroscopies described below.  
To initially investigate if excess spin density on the meso carbons due to a 
(dxz,yz)
4(dxy)
1 electron configuration promotes meso carbon oxidation, 1H NMR can 
monitor distribution of spin density on the heme substrate. The 1H NMR spectrum of a 
ferric heme protein features resonances which are influenced by the unpaired electron of 
the iron. The observed 1H NMR shift is a result of what would be expected in the 
diamagnetic sample in addition to the interactions between the unpaired electron and the 
nuclear spin moment. The two contributors from the unpaired electron are the 
Psuedocontact shift and the Fermi contact shift. In the case of low spin ferric heme, the 
Fermi contact shift is the dominant contributor, the unpaired electron in Fe(III) in heme 
will polarize the core orbitals and create a non-zero spin density at the nucleus. The spin-
up density will delocalize onto other nearby nuclei. In the case of heme, if the unpaired 
electron is in the dxy orbital, the spin density will delocalize onto the meso carbons which 
will have a spin up spin density and the meso proton will experience spin down density 
from spin polarization. The spin down density on the meso protons will lead to an upfield 
shifted resonance. If the unpaired electron is in the dxz or dyz orbitals, the spin up density is 
delocalized onto the pyrrole groups. From there spin polarization makes methyl protons 
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spin up which leads to downfield hyperfine resonances in the 1H NMR spectrum. A full 
resonance assignment would enable definitive determination of the spin density 
distribution on the porphyrin ring.  
 
Figure 1.4. The four Gouterman orbitals involved in the Soret and Q band Abs spectra 
Heme ruffling affects the orbital energies and populations of the four valence 
porphyrin orbitals. To monitor the role of heme ruffling in WT MhuD and variants on the 
valence porphyrin orbitals in MhuD–heme, a combination of UV/Vis absorption (Abs) 
spectroscopy will be used. The Abs spectra of porphyrins are dominated by the π→π* 
transitions associated with the conjugated π-electron system. A “four-orbital” model was 
presented by Gouterman where the main orbitals involved in the transitions are the two 
highest occupied molecular orbitals (HOMO) assigned to be a1u and a2u, and the degenerate 
eg* lowest occupied molecular orbitals (LUMO) (Figure 1.4).
28, 29 The orbital labels are 
assigned based on D4h symmetry. The spectra contain two main features, a lower energy Q 
band and a higher energy Soret band.  Two symmetric transitions occur, one from A1u → 
Eu and the second from A2u → Eu states. As the wave functions of both excited states have 
1Eu symmetry, configuration interaction (CI) mixing is allowed which mixes the excited 
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states providing two new energy transitions that are what is observed in the spectrum. The 
closer in energy the original transitions, the greater CI mixing will occur.  The metal center 
and heme symmetry influence the energies of the four Gouterman orbitals which will in 
turn change the energy of the Soret and Q bands. 
While Abs spectroscopy and MCD both probe the excited state, MCD is a 
differential absorption spectroscopy technique and follows different selection rules. There 
are three terms which contribute to MCD intensity: A, B, and C terms. A and B terms are 
temperature independent and can be identified by altering the temperature of the sample 
and noting which features are unchanged. However heme is a paramagnetic species and at 
cryogenic temperatures, the C term contribution will be greatest, leaving any contribution 
from A or B terms to be minimal. C term intensity arises from an electronic transition from 
a degenerate ground state to a non-degenerate excited state (Figure 1.5). The C term 
intensity is dependent on both field, and temperature. As the temperature decreases, the 
population of the MS levels will shift to a greater population of lowest energy state. C term 
features are absorptive in shape and can be identified by monitoring the temperature 
dependence of spectral features. 
 
Figure 1.5.  MCD intensity mechanisms for the A- and C-terms. 
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While spectral MCD can provide valuable information about the excited states in 
MhuD–heme, the ground state of the heme can be investigated with variable-temperature, 
variable-field (VTVH) MCD spectroscopy of the Soret transition. To collect VTVH 
saturation magnetization curves, the MCD wavelength sits on the most intense portion of 
the Soret and the magnetic field is scanned at multiple temperatures. The Soret transition 
is dominated by C term intensity and at the lowest temperature and highest field only the 
lowest energy Zeeman level will be populated, resulting in saturation. The curvature of the 
saturation magnetization curves relies on the spin Hamiltonian. The Soret transition is 
known to be xy-polarized from group theory which makes the initial slope of the curves 
dependent on the gz value of the species.
30, 31 Using the initial curvature and pattern of the 
saturation magnetization curves the ground and excited electron configurations can be 
identified.   
For a low spin ferric heme there are two possibilities for the iron electron 
configuration: (dxy)
2(dxz,yz)
3 and (dxz,yz)
4(dxy)
1. Using D4h symmetry, a (dxz,yz)
4(dxy)
1 
electron configuration corresponds to a 2B2g state and a (dxy)
2(dxz,yz)
3 corresponds to a 2Eg 
state. For a 2B2g state, the gz value will be near 1.5 which leads to a less steep curve.
31, 32 
Due to spin orbit coupling, the gz value of the 
2Eg state will be higher, closer to 3, which 
leads to a steeper curve. In an S=½ system, if the electronic population is unchanged with 
temperature, only one electron configuration is populated, the curves will lay on one 
another.  If the system is S=½ and the curves from different temperatures do not lay on one 
another they are “nested”. “Nesting” occurs when an excited state is so close in energy the 
state populations change with changing temperature.  
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To gain more insight into the role of heme ruffling on orbital energies, density 
functional theory (DFT) will be used. DFT computations can complement experiments by 
calculating molecular properties the experiments probe, allowing a more complete picture 
of the heme electronic structure. To model heme ruffling the porphyrin can be altered by 
restricting angles of the nuclei of heme. The Abs spectrum can be calculated for each heme 
distortion using time-dependent DFT (TDDFT). The Abs spectra can be compared to the 
available experimental data for known degrees of heme distortion. As a challenge in 
modeling porphyrins, DFT cannot handle molecular orbital degeneracy, which is likely 
important for heme.  
As heme proteins may host molecular orbitals with nearly degenerate energies 
where DFT fails, complete active space self-consistent field (CASSCF) and N-electron 
valence state perturbation theory (NEVPT2) can be employed to overcome these issues. 
CASSCF and NEVPT2 are more computationally expensive than DFT. CASSCF accounts 
for static electron correlation which is absent in DFT. Static electron correlation utilizes a 
linear combination of electron configurations to describe the electronic state. Degeneracy 
can then be calculated and interpreted as a mixture of states, more accurate than choosing 
an absolute electron configuration to represent the ground state. NEVPT2 accounts for both 
static and dynamic electron correlation. NEVPT2 performs a CASSCF calculation and then 
has an additional correction where the electronic motion is accounted for, similar to 
corrections applied in DFT. Using this combined approach, the most accurate model of the 
heme electronic structure can be constructed.  
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CHAPTER 2: CRYSTALLOGRAPHIC AND SPECTROSCOPIC INSIGHTS INTO 
HEME DEGRADATION BY MYCOBACTERIUM TUBERCULOSIS MHUD 
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(2014) Crystallographic and Spectroscopic Insights into Heme Degradation by 
Mycobacterium tuberculosis MhuD. Inorg Chem 53, 5931-5940 
The X-ray crystallography data and discussion was contributed by Morse, R. P., Chao, A., 
Iniguez, A., and Goulding, C. W. 
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2.1 INTRODUCTION 
 Mycobacterium tuberculosis, the causative agent of the human disease tuberculosis, 
acquires the vital nutrient iron from its host. Recently, it has been shown that M. 
tuberculosis can uptake host-derived heme as an iron source.1, 2 To date, four members of 
this pathway have been identified and characterized: Rv0203,3 an secreted protein that 
binds extracellular heme; MmpL3 and MmpL11,4 two membrane proteins that receive 
heme from Rv0203; and MhuD, which catalyzes the final step of M. tuberculosis heme 
acquisition and degradation.5, 6 Recent studies strongly suggest that M. tuberculosis can 
use exogenous heme as an iron source in the absence of non-heme iron.1, 2, 7 In vitro, growth 
of an iron siderophore-deficient strain of M. tuberculosis can be recovered in the presence 
of heme or human hemoglobin.1 An iron siderophore-deficient strain of a similar species, 
Mycobacterium bovis, was able to survive in mice, suggesting that heme acquisition is also 
utilized by mycobacteria in vivo.7 These discoveries have led researchers to suggest that 
proteins from the M. tuberculosis heme acquisition and degradation pathway, including 
MhuD, represent promising new anti-mycobacterial targets.8 
 Although MhuD degrades heme to non-heme iron and organic by-products, the 
enzyme has features that distinguish it from canonical heme oxygenases (HOs).5, 6 The 
truncated, soluble forms of human and rat HO adopt α-helical folds.9-11 HO enzymes from 
several pathogenic bacteria also possess α-helical folds, including Neisseria meningitides 
HemO,12 Corynebacterium diphtheria HmuO,13 and Pseudomonas aeruginosa PigA.14 In 
contrast, the catalytically-inactive, diheme-bound form of MhuD (MhuD–diheme) has a 
ferrodoxin-like fold similar to that of the IsdG and IsdI hemTabe degrading enzymes from 
Staphylococcus aureus.5, 15 In addition, the organic by-products of MhuD-catalyzed heme 
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degradation are unique (Figure 2.1). Most canonical HOs convert the porphyrin ring to α-
biliverdin and carbon monoxide (CO).16 P. aeruginosa PigA is an exception, where rotation 
of the heme substrate within the enzyme active site results in formation of β- and δ-
biliverdin.17, 18 On the other hand, S. aureus IsdG and IsdI convert the porphyrin ring to a 
mixture of the β- and δ-isomers of staphylobilin along with a molecule of formaldehyde.19, 
20 M. tuberculosis MhuD generates a product distinct from those of canonical HOs or 
IsdG/I, mycobilin, where the porphyrin ring of heme is cleaved at the α-meso carbon, and 
this carbon is retained as an aldehyde group.6 Since MhuD generates different enzymatic 
products as compared to HOs, IsdG, or IsdI, the reaction must proceed via a unique 
mechanism. 
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Figure 2.1. HO has an ordered network of active site water molecules on the distal side 
of the heme substrate, and is believed to stabilize a 2Eg electronic state where spin density 
is delocalized onto the porphyrin pyrrole rings (violet and blue circles represent the two 
components of this degenerate state), and produces biliverdin, CO, and iron as products. S. 
aureus IsdI has been proposed to stabilize a 2B2g state, with spin density delocalized onto 
the α-, β-, γ-, and δ-meso carbons (green circles), without a defined network of water 
molecules enroute to staphylobilin and formaldehyde formation. M. tuberculosis MhuD 
degrades heme to mycobilin and iron but, prior to this work, the active site structure and 
electronic structure were unknown. 
 Based upon Raman, electron paramagnetic resonance (EPR), UV/Vis absorption 
(Abs), and nuclear magnetic resonance (NMR) spectroscopy results, researchers have 
proposed that MhuD-catalyzed heme degradation proceeds through hydroperoxyheme and 
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α-meso hydroxyheme intermediates, bypassing verdoheme, en route to mycobilin 
formation.6 The first steps of this proposed mechanism (binding of molecular oxygen, 
reduction to hydroperoxy, and hydroxylation of the α-meso carbon) are identical to the 
generally accepted mechanism of canonical HO-catalyzed heme degradation.16 There has 
been considerable debate as to whether the canonical HO reaction proceeds through a 2Eg 
state with a (dxy)
2(dxz,dyz)
3 electron configuration or a 2B2g state with a (dxz,dyz)
4(dxy)
1 
electron configuration (Figure 2.1).16, 21-23 However, recent EPR and Mössbauer 
spectroscopic data,22 and density functional theory (DFT)-based hybrid quantum 
mechanical/molecular mechanical (QM/MM) calculations,23 have led researchers to 
conclude that the enzyme active site stabilizes a 2Eg Fe(III)–hydroperoxy state.24 Due to its 
reactivity the 2Eg Fe(III)–hydroperoxy state has only been isolated by cryoreduction, but a 
similar 2Eg state is present in cyanide-inhibited canonical HOs (HO–heme–CN).18, 25, 26 An 
ordered network of active site water molecules on the distal side of the heme substrate, first 
characterized in solution by NMR spectroscopy,27-29 favors stepwise homolytic cleavage 
of the hydroperoxy O–O bond followed by barrier-free attack of the α-meso carbon by the 
resulting hydroxyl radical.21 
 There remain at least two mechanistic questions regarding the MhuD-catalyzed 
transformation of heme to α-meso hydroxyheme. First, in canonical HOs, oxygen 
activation is expected to result in the formation of a 2Eg state.
22, 23 However, researchers 
have proposed that in the heme degradation reaction catalyzed by S. aureus IsdI, dioxygen 
activation results in the formation of a 2B2g state based upon NMR characterization of 
cyanide-inhibited IsdI (IsdI–heme–CN).30 These 2Eg and 2B2g states have different electron 
and spin density distributions and, thus, different reactivity (Figure 2.1). Prior to this work, 
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it was unknown whether MhuD dioxygen activation results in the formation of a 2Eg ground 
state, similar to HO–heme–CN, or a 2B2g ground state similar to IsdI–heme–CN. Second, 
there is no evidence for an ordered network of active site water molecules on the distal side 
of heme in the available X-ray crystal structures of heme-bound IsdG or IsdI.30-32 These 
data have led to their proposal that S. aureus IsdI compensates for the missing network of 
water molecules by stabilizing a 2B2g state. Before this study, it was unknown whether the 
MhuD active site contains an ordered network of water molecules as is the case for 
canonical HOs,27-29 or if the network is absent as is the case for S. aureus IsdG and IsdI. 
Here, we investigate the initial steps of M. tuberculosis MhuD-catalyzed heme 
degradation using a combined crystallographic and spectroscopic approach to clarify the 
geometric and electronic structure of cyanide-inhibited MhuD (MhuD–heme–CN). 
Although MhuD–heme–CN is not an intermediate of MhuD-catalyzed heme degradation, 
this species is an inactive analogue for the substrate-bound form of the enzyme. 
Uninhibited MhuD has a high-spin monoheme form, and only the inactive, diheme form 
had proven amenable to crystallization.5 By analogy to what is known regarding the 
canonical HO mechanism, MhuD-catalyzed heme degradation is expected to proceed 
through a low-spin, S = ½ state.16 We have stabilized an S = ½, monoheme form of MhuD 
using cyanide and here we report the first X-ray crystal structure of a monoheme form of 
M. tuberculosis MhuD. This structure reveals that the MhuD active site has a His-ligated 
heme substrate lacking an organized network of water molecules on the distal side of heme. 
1H NMR and VTVH MCD spectroscopic experiments establish the unexpected finding that 
at least two S = ½, Fe(III) states are significantly populated at physiologically-relevant 
28 
 
temperatures. We discuss these data in terms of their implications for the initial steps of 
MhuD-catalyzed heme degradation. 
2.2 EXPERIMENTAL SECTION 
 Protein expression and purification. All materials were purchased from Fisher 
Scientific unless noted otherwise. The preparation of a pET-22b (Ampr) plasmid encoding 
wild type (WT) M. tuberculosis MhuD along with a C-terminal His6 tag has been 
previously described.5 DNA sequencing at the Vermont Cancer Center DNA Analysis 
Facility confirmed the sequence of the WT MhuD gene in all cell lines used for 
recombinant protein expression at the University of Vermont. For recombinant protein 
expression, the pET-22b plasmid encoding MhuD was transformed into BL21-GOLD 
(DE3) cells (Stratagene) as previously described.5  
 For the crystallographic studies herein, expression and purification of apo-MhuD 
was carried out as previously described.5 Some minor changes were made to the apo-MhuD 
purification procedure for spectroscopic characterization, as noted below. Cells were lysed 
in 50 mM Tris pH 7.8, 350 mM NaCl. After filtration, the lysate was loaded onto a HisPur 
Ni-NTA column (Pierce) equilibrated with 20 mM Tris pH 7.8, 50 mM NaCl; washed with 
20 mM Tris pH 7.8, 50 mM NaCl, 25 mM imidazole; and washed again with 20 mM Tris 
pH 7.8, 50 mM NaCl, 75 mM imidazole. Apo-MhuD was eluted using 20 mM Tris pH 7.8, 
50 mM NaCl, 400 mM imidazole. Following overnight dialysis against 20 mM Tris pH 
7.8, 50 mM NaCl, at least 8 mg/L of apo-MhuD were obtained at >99 % purity. The protein 
concentration was determined using a Bradford assay with bovine serum albumin (Pierce) 
as the standard and purity was assessed by SDS-PAGE (Figure A1). 
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 Preparation of heme-bound MhuD (MhuD–heme) was similar to a previously 
described procedure.5 Briefly, a 0.5 mM hemin solution was prepared by initially 
dissolving 3.3 mg of hemin chloride in 300 μL of 1 M NaOH, to which 20 mM Tris pH 
7.4, 50 mM NaCl was added to a final volume of 10 mL. The pH of the hemin solution was 
adjusted to 7.4 using HCl. The final concentration of the prepared heme was determined 
using ε385 = 58.44 mM-1cm-1.33 The MhuD–heme millimolar extinction coefficient for the 
Soret band was determined to be 91.5 mM-1cm-1 using the pyridine hemochrome assay.34 
The MhuD–heme–CN millimolar extinction coefficient was determined to be 121 mM-
1cm-1 for the Soret band by adding one crystal of potassium cyanide (KCN) and monitoring 
the Abs spectrum. 
 Prior to characterization, MhuD activity was tested using a previously described 
heme/ascorbate assay (Figure A2).5 Free hemin is stable under similar conditions in the 
absence of MhuD (Figure A3). The addition of cyanide abolishes MhuD-catalyzed heme 
degradation. MhuD–heme–CN did not turn over upon the addition of ascorbate (Figure 
A4). 
 X-ray crystallography. Purified apo-MhuD was exchanged into 50 mM sodium 
phosphate (NaPi) pH 7.4, 150 mM NaCl by concentrating and resuspending three times 
(Amicon). A 0.5 mM hemin solution was prepared as described above except 20 mM Tris 
pH 7.4, 50 mM NaCl was replaced by 50 mM NaPi pH 7.4, 150 mM NaCl. Several crystals 
of potassium cyanide (KCN) were added to the hemin solution. Purified apo-MhuD 
(concentrated to 100 μM) and cyanide-bound heme were combined in a 1:1.05 ratio (apo-
MhuD:cyanide-bound heme). MhuD–heme–CN was concentrated to 1 mL (Amicon), and 
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was exchanged into 50 mM NaPi pH 7.4, 150 mM NaCl using a PD-10 desalting column 
(GE Healthcare). MhuD–heme–CN was concentrated to 10 mg/mL in 50 mM NaPi pH 7.4, 
150 mM NaCl for crystallization trials. MhuD–heme–CN crystallized in 1.9 M ammonium 
sulfate, 0.1 M sodium acetate pH 6.0, 0.2 M NaCl. Crystals were mounted and data was 
collected under cryo-conditions with the addition of 40% (v/v) glycerol as cryoprotectant 
to the reservoir condition. The native diffraction dataset was collected at a wavelength of 
1.0 Å at 70 K. A MhuD–heme–CN crystal diffracted to 1.9 Å with unit cell dimensions 
40.97 Å x 60.40 Å x 78.46 Å with one dimer per asymmetric unit in space group P212121. 
Images were indexed, integrated, and reduced using iMOSFLM.35 The initial phases were 
determined by molecular replacement by autoMR in PHENIX using the MhuD–diheme 
structure without the heme molecules present as a search model (PDB ID 3HX9). The 
initial model building was performed by Autobuild in PHENIX.36 The final model was 
built through iterative manual building in Coot and refined with phenix.refine.37 During 
refinement, minimal restraints were placed on the heme molecule to allow for greater 
torsional rotation of bonds within the porphyrin ring. Minimal distance and no angle 
restraints were used for the iron-cyanide bond. Chains A and B of the MhuD dimeric model 
contain residues 2-102 and 2-101, respectively. The final dimeric model contains two heme 
substrates, two cyanide ligands, two acetate molecules, and 94 waters (PDB ID 4NL5). 
Programs from Phenix,36 Coot,37 and Pymol38 were used to analyze the stereochemistry 
and geometry of the models and were found to be acceptable. Data and refinement statistics 
are presented in Table 2.1. All molecular graphics were prepared with PyMOL.38 
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Table 2.1.  X-ray data collection and refinement statistics for the structural determination 
of MhuD–heme–CN 
 MhuD–heme–CN 
Space Group   P212121 
Unit cell dimensions (Å) 40.97 × 60.40 × 78.46 
  pH of crystallization 
condition                        
6.0 
  Protein concentration (mg/mL) 
         
10 
Data set  
  Wavelength (Å)                        1.0 
  Resolution range  39.23-1.90 
  Unique reflections (total)   15989 (103418) 
  Completeness (%)*    99.6 (99.9)   
  Redundancy * 6.5 (6.7) 
  Rmerge*
,†
     6.4 (35.5) 
  
I/σ*     
            
17.3 (4.9) 
  NCS copies     2 
Model refinement  
  Resolution range (Å)   39.23-1.90 
  No. of reflections (working/free)  15935 (1595) 
  No. of protein atoms                   1505 
  No. of water molecules         94 
  No. of heme/dimer  2 
  No. of cyanide.dimer  2 
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  Missing residues  103-105  
                
  Rwork/Rfree, (%)
‡       17.3/22.4 
Average B-factor (Å2)  
  Protein  31.9 
 
 
  Heme & CN 27.0 
  Water 37.6 
R.m.s deviations  
  Bond lengths (Å) 
 
                    
0.010  
  Bond angles (degrees)     
                  
1.098  
Ramachandran Plot   
  Most favorable region   (%)  95.43 
  Additional allowed region (%)   4.06 
  Disallowed region               
                                     
0.51 
PDB ID Code                        4NL5 
 
*Statistics for the highest resolution shell are given in (brackets) 
†Rmerge=Σ|I-<I>|/ΣI 
‡Rwork=Σ|Fobs-Fcalc|/ΣFobs     Rfree was computed identically except where all reflections 
belong to a test set of 10% randomly selected data. 
 NMR spectroscopy. A 0.5 mM solution of cyanide-bound heme in 20 mM Tris pH 
7.4, 50 mM NaCl was prepared as described above. Purified apo-MhuD and cyanide-bound 
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heme were combined in a 0.9:1 ratio (cyanide-bound heme:apo-MhuD) to produce MhuD–
heme–CN. Residual cyanide-bound heme and apoprotein were removed upon buffer 
exchange into 20 mM NaPi pH 7.4, on a PD-10 column. A 1.5 mM sample of MhuD–
heme–CN in 100% D2O (Cambridge Isotope Laboratories) was prepared by reducing the 
sample volume to 600 μL in Amicon stirred cells (Millipore) followed by lyophilization 
for at least 12 hours on a VirTis Lyophilizer. The resulting powder was dissolved in 600 
μL of D2O. 
 NMR experiments were conducted at 11°, 25°, 35°, and 42 °C on a Varian Unity 
Inova 500 MHz NMR spectrometer equipped with an inverse triple-resonance probe. 1H 
NMR experiments utilized a 1.5 s relaxation delay and a 1 s acquisition time. 1H Super 
water elimination Fourier transform (Super-WEFT)39, 40 experiments used a 50 ms τ-delay 
and a 50 ms acquisition time. All 1H NMR and 1H Super-WEFT data were referenced to 
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (Cambridge Isotope Laboratories) via the 
residual water peak and processed using the ACD/Labs NMR Processor with 10 Hz 
exponential line broadening and zero filling to 65536 points. 
 Optical spectroscopy. Room temperature Abs spectra were obtained in 20 mM 
Tris pH 7.4, 50 mM NaCl between 900 and 300 nm using a Cary 100 Bio 
spectrophotometer with a scan rate of 600 nm/min and a 1.0 nm data interval. 280 K MCD 
spectra were collected in 40 mM potassium phosphate (KPi) pH 7.4, 40 mM NaCl, 60 % 
(v/v) glycerol and cryogenic temperature Abs and MCD spectra were obtained in 50 mM 
KPi pH 7.4, 50 mM NaCl, 60% (v/v) glycerol. 280 K MCD, cryogenic temperature Abs, 
and cryogenic temperature MCD spectra were acquired using a home-built setup consisting 
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of a Jasco J-815 spectropolarimeter and an Oxford SM4000-8T Spectromag controlled by 
a Mercury iTC temperature controller and a Mercury iPS power supply. Spectral data was 
acquired with a 1.0 nm band width, 0.25 s integration time, 0.5 nm data pitch, and 200 
nm/min scanning speed. VTVH MCD saturation magnetization curves were measured at 
2, 5, and 10 K for the Soret band trough at 424 nm. Simulated VTVH MCD saturation 
magnetization curves were generated using the VTVH 2.1.1 program.41, 42 The simulations 
of model 2 [bis(1-methylimidazole) ferric tetramesitylporphyrinate] and 3 [bis(4-
cyanopyridine) ferric tetramesitylporphyrinate] represent xy-polarized transitions of an S 
= ½ center with g tensors of [1.52, 2.33, 2.90] and [2.57, 2.57, 1.42], respectively.43 
2.3 RESULTS 
 X-ray Crystallography. The crystal structure of MhuD–diheme was previously 
determined, which revealed two stacked heme molecules in the MhuD active site. 
However, no heme degradation activity is observed by MhuD–diheme and only the 
monoheme complex is capable of degrading heme.5 To observe MhuD in its monoheme 
active conformation, we determined the structure of MhuD–heme–CN to 1.9 Å resolution, 
with one homodimer in the asymmetric unit. MhuD–heme–CN retains its ferrodoxin-like 
α + β-barrel fold as observed for MhuD–diheme;5 however only one bound molecule of 
heme is observed in each active site (Figure 2.2A). In accord with previously reported 
spectroscopic data,6 His75 coordinates the iron of MhuD–heme–CN on its proximal side 
(2.1 Å, Figure 2.2B), and the His75 imidazole ring is hydrogen (H)-bonded to the backbone 
carbonyl of Ala71. A fully occupied cyano group was modeled into the electron density 
observed on the distal side of the heme iron with an Fe–C bond length of 2.1 Å. The bound 
CN atoms refine with B-factors of approximately 22 Å2, similar to those of the heme irons, 
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and fit the electron density well (Figure A5). The CN ligands are observed in a bent 
coordinating mode, with Fe-C-N angles of 118 and 120° for chains A and B, respectively, 
whereas the Fe-C-N bonds are nearly perpendicular to the porphyrin plane in the IsdI–
heme–CN structure with Fe-C-N angles of 171° and 158°.30 The Fe-C-N angle observed 
for MhuD–heme–CN is more similar to the 139° angle seen in cyanide-inhibited rat heme 
oxygenase (rHO–heme–CN, PDB ID 2E7E) at pH 6.8.44 In the MhuD–heme–CN active 
site, the CN ligand forms an H-bond with Asn7 NH1 and points toward pyrrole ring A, 
which separates the γ- and δ-meso carbons. Furthermore, the CN-inhibited heme substrate 
is stabilized by hydrophobic interactions with Ile9, Phe23, Phe39, Val53, Thr55, Phe63, 
and Trp66; H-bonds between propionate 6 and Arg22 NH1, Arg26 NH2, and the Val83 
backbone amide; and H-bonds between the bent propionate 7 and a water molecule (W1), 
which in turn H-bonds to Arg26 NH1. 
 
Figure 2.2. X-ray crystal structure of MhuD–heme–CN (PDB ID 4NL5). Panel A: Ribbon 
representation of the dimeric MhuD–heme–CN complex. Panel B: Ribbon representation 
of the MhuD–heme–CN heme-binding pocket. α-helices and β-strands are depicted in cyan 
and magenta, respectively. Loops and sidechain carbons are shown in salmon. All α-helices 
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are labeled, with the second polypeptide chain differentiated by a prime symbol ('). Heme–
CN, one per active site, is represented as a stick model where nitrogen, oxygen, heme 
carbon, and cyano carbon atoms are in blue, red, white, and yellow, respectively. Iron 
atoms and ordered water molecules are depicted as orange and red spheres, respectively. 
 The MhuD–diheme and MhuD–heme–CN structures superimpose with a root-
mean-square deviation (rmsd) of 0.29 Å over all Cα atoms.5 Within the active site pocket, 
the heme substrate overlays with the solvent-protected heme from the MhuD–diheme 
structure, however the modeled heme is rotated 180° about the α–γ axis (Figure 2.3A). 
Additionally, there is an increase in heme out-of-plane distortion. The distortions of the 
hemes in MhuD–heme–CN (1.4 and 1.5 Å) are more severe than those in the solvent-
protected heme from MhuD–diheme (0.7 Å), as analyzed by normal-coordinate structural 
decomposition.45 It was suggested that Phe22 contributes to heme ruffling, the b1u 
component of the heme out-of-plane distortion, in IsdG by contacting the γ-meso carbon.19, 
31 In MhuD–diheme and MhuD–heme–CN structures the sidechains of the corresponding 
residue, Phe23, overlay suggesting that Phe23 does not contribute to ruffling as the MhuD–
diheme solvent-protected heme is planar as compared to the distorted MhuD–heme–CN 
porphyrin ring (Figure 2.3A). Although, the MhuD–diheme second solvent-exposed heme 
may play a role in the planar nature of the solvent-protected heme. The most notable 
structural differences are within the α2 helix and the subsequent loop region surrounding 
the active site (Figure 2.3A). In MhuD–heme–CN, the α2 helix is kinked after residue 
Asn68, while in the MhuD–diheme structure this helix (α2) is extended. This kink results 
in the movement of His75 (4.5 Å) so that it may coordinate with heme iron in the MhuD–
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heme–CN structure (Figure 2.3B). Furthermore, there is one notable altered sidechain 
conformation, Arg26, between the MhuD–heme–CN and MhuD–diheme structures. In the 
MhuD–diheme structure, Arg26 forms an H-bond with both propionate 6 (P6') and 
propionate 7 (P7') from the solvent-exposed heme, but not with the solvent-protected heme 
molecule (Figure 2.3C). However, in MhuD–heme–CN Arg26 is flipped into the reduced 
volume heme active site where it H-bonds to an active site water molecule (W1), which in 
turn H-bonds to the carbonyl oxygen of His75 and heme propionate 7 (P7), whose 
orientation is rotated toward the active site water (W1, Figure 3B). Arg26 is also in H-
bonding distance to heme propionate 6 (P6). One could speculate that the ordered water 
and alternative conformation of the Arg26 sidechain may stabilize the otherwise flexible 
loop to form a stable monoheme active site. The position of this water molecule is 
conserved in both active sites of the MhuD dimer, however in one of two active sties of the 
dimer there is a second water molecule that also H-bonds with Arg26 (not shown). 
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Figure 2.3. Structural comparison of the active sites of MhuD–heme–CN and MhuD–
diheme. Panel A: Superposition of MhuD–heme–CN (PDB ID 4NL5, cyan) with MhuD–
diheme (PDB ID 3HX9, pink) shows that α2 in MhuD–heme–CN is kinked while it is 
extended in the MhuD–diheme structure. This kink results in MhuD–heme–CN His75 
moving 4.5 Å to coordinate heme iron (orange spheres). Panels B and C: The orientations 
of most residues within the MhuD–heme–CN (B) and MhuD–diheme (C) active sites are 
unchanged, but Arg26 in the MhuD–heme–CN structure flips into the reduced volume 
active site. Heme propionates 6 and 7 are denoted by P6 and P7, respectively, and the 
solvent-exposed heme propionates (MhuD–diheme) are differentiated with a prime symbol 
('). Heme molecules are in stick representation, with carbon atoms depicted in light cyan 
and light pink for MhuD–heme–CN and MhuD–diheme, respectively, and nitrogen, 
oxygen and cyano carbon atoms in blue, red and yellow, respectively.  Iron atoms, an 
ordered Cl- atom (MhuD–diheme structure) and water molecule (W1, MhuD–heme–CN 
structure) are depicted as orange, green and red spheres, respectively. 
NMR Spectroscopy. Previously, 1H NMR spectroscopy revealed that the 
electronic ground state of HO–heme–CN is 2Eg,18, 25, 26 whereas the ground state of IsdI–
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heme–CN is 2B2g.30 To help identify the electronic ground state of MhuD–heme–CN, we 
have acquired the 1H NMR spectrum at 25 °C (Figure 2.4). As several of the hyperfine-
shifted resonances in the 1H NMR spectrum of MhuD–heme–CN have low intensity, we 
acquired a 1H Super-WEFT spectrum to better detect signals from the fast-relaxing 
resonances. On the downfield side of the “diamagnetic” (0 – 10 ppm) envelope, two 
relatively broad peaks are detected at 21.0 and 16.1 ppm with two more intense peaks at 
14.9 and 12.9 ppm. The 2B2g state of IsdI–heme–CN exhibits no intense peaks downfield 
of 12 ppm, while the 2Eg state of rHO–heme–CN has several resonances in this region 
including two assigned to heme methyl groups. Thus, the downfield hyperfine-shifted 
resonances of MhuD–heme–CN suggest that there may be significant population of a 2Eg 
state in MhuD–heme–CN at 25 °C. However, the MhuD–heme–CN 1H NMR spectrum 
also contains several far upfield hyperfine-shifted resonances. These peaks have no 
counterparts in the spectrum of rHO–heme–CN, but upfield resonances have been assigned 
to the heme meso protons of IsdI–heme–CN. It is likely that some of the upfield resonances 
observed in the 1H NMR spectrum of MhuD–heme–CN arise from heme meso protons and 
there is significant population of a 2B2g state at 25 °C. 
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Figure 2.4. Top panel: 1H NMR spectrum of 1.5 mM MhuD–heme–CN in 20 mM NaPi 
pH 7.4 (100% D2O) at 25 °C. Bottom panel: 
1H Super-WEFT spectrum with a 50 ms τ-
delay. The chemical shifts of resonances A-H are reported as a function of temperature in 
Figure 2.5. 
Our observation of some resonances consistent with a 2Eg state and others with a 
2B2g state in the 
1H NMR spectrum of MhuD–heme–CN suggests that more than one S = 
½ state may be populated at room temperature. In this case, since spin-allowed electronic 
transitions are fast on the NMR time scale, 1H resonances will be observed at the 
Boltzmann-weighted average of the chemical shifts for the two states. Additionally, the 
temperature-dependence of the observed shifts will deviate from the Curie Law since the 
relative populations of the two states are governed by Boltzmann. We monitored the 
chemical shifts of several hyperfine-shifted resonances as a function of temperature (Figure 
A6). The hyperfine-shift of each resonance decreases with increasing temperature as would 
be expected for a paramagnetic species. However, when the diamagnetic shifts for these 
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resonances were extrapolated according to the Curie law,46 all but one of the diamagnetic 
shifts fell outside of the typical 0-10 ppm range (Figure 2.5). This indicates that the 
temperature-dependence does not follow the Curie law, which is consistent with population 
of two or more electronic states at room temperature. Unfortunately, the broadness of the 
hyperfine-shifted resonances has prevented acquisition of adequate two-dimensional NMR 
data for 1H resonance assignments. In this work, we employ VTVH MCD spectroscopy to 
aid our identification of the MhuD–heme–CN electronic ground state. 
 
Figure 2.5. Curie law plot for 1H resonances A-H of MhuD–heme–CN. The squares 
represent the experimental data at 11°, 25°, 35°, and 42° C. The lines represent a fit to the 
Curie law. For seven of the eight resonances, the Curie law extrapolation to infinite 
temperature predicts a diamagnetic shift outside of the 0-10 ppm region. This indicates that 
more than one S = ½ state is populated at room temperature. 
42 
 
 Room Temperature Optical Spectroscopy. Before investigating the electronic 
structure of MhuD–heme–CN at cryogenic temperatures using optical spectroscopy, we 
acquired Abs and MCD spectra at room temperature (Figure 2.6A-B). The Abs spectrum 
of MhuD–heme–CN is similar to those of both rHO–heme–CN and IsdI–heme–CN with a 
Q band near 18100 cm-1 and a Soret band at 23900 cm-1.30, 47 Both of these bands are 
attributed to electronic transitions from occupied porphyrin π-based MOs to unoccupied 
porphyrin π*-based MOs.48 As noted previously,6 the energy of the MhuD–heme–CN Q 
band is more similar to that of IsdI–heme–CN (17900 cm-1) than that of rHO–heme–CN 
(18700 cm-1). The Soret band energy measured for MhuD–heme–CN (23900 cm-1) is 
identical to that of rHO–heme–CN and blue-shifted by 100 cm-1 from that of IsdI–heme–
CN. Overall, the room temperature Abs data suggests that the electronic structure of 
MhuD–heme–CN may be more similar to that of IsdI–heme–CN than rHO–heme–CN. 
However, the differences between the room temperature Abs spectra of rHO–heme–CN 
and IsdI–heme–CN are not significant enough to unambiguously determine the electronic 
ground state of MhuD–heme–CN based upon Abs data alone. 
 The 280 K, 7 T MCD spectrum of MhuD–heme–CN is remarkably similar to the 
293 K, 1 T MCD spectrum of IsdI–heme–CN (Figure 2.6B).30 The lowest energy feature 
in the MCD spectrum of MhuD–heme–CN is the derivative-shaped Q band, which crosses 
the zero line at 17900 cm-1. This is nearly identical in shape and energy to the MCD-
detected Q band of IsdI–heme–CN. In contrast, the Q band in the 274 K, 1.4 T MCD 
spectrum of rHO–heme–CN is a negatively-signed, absorptive-shaped peak centered at 
17600 cm-1.47 On the high energy side of the Q band, the MCD spectra of both MhuD–
heme–CN and IsdI–heme–CN exhibit two positively-signed bands near 20000 and 22000 
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cm-1 plus a derivative-shaped Soret band that crosses the zero line at 23800 cm-1. In the 
MCD spectrum of rHO–heme–CN, no positively-signed bands are apparent between the Q 
and Soret bands and the zero crossing point of the Soret band is 24100 cm-1. Based upon 
the room temperature optical data alone, it would appear that the electronic ground state of 
MhuD–heme–CN at room temperature is 2B2g, similar to IsdI–heme–CN, but this 
conclusion is inconsistent with the NMR spectroscopic data (Figure 2.4). To better identify 
the electronic ground state of MhuD–heme–CN, we utilized Abs and MCD spectroscopy 
at cryogenic temperatures. 
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Figure 2.6. Panel A: Abs spectra of MhuD–heme–CN in 20 mM Tris pH 7.4, 50 mM NaCl 
at room temperature (solid line) and in 50 mM KPi pH 7.4, 50 mM NaCl, 60% glycerol at 
5 K (dotted line). Panel B: 280 K, 7 T MCD spectrum of MhuD–heme–CN in 40 mM KPi 
pH 7.4, 40 mM NaCl, 60 % glycerol. Panel C: 5 K, 7T MCD spectrum of MhuD–heme–
CN in 50 mM KPi pH 7.4, 50 mM NaCl, 60% glycerol. 
 Cryogenic Temperature Optical Spectroscopy. The room temperature and 5 K 
Abs spectra of MhuD–heme–CN are nearly identical (Figure 2.6A), confirming that we 
have not significantly perturbed the porphyrin electronic structure by cooling the system 
to 5 K. However, the 280 K, 7T and 5 K, 7T MCD spectra are quite different (Figure 6B-
C). The MCD spectrum is an order of magnitude more intense at 5 K, as would be expected 
for a paramagnetic species with C-term contributions to the MCD intensity.42 In addition, 
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the individual bands are narrower at 5 K, presumably due to decreased vibronic 
contributions, and, most significantly, several bands shift to different energies. The lowest 
energy bands at 5 K are distinct from those observed at room temperature with an initial 
positive peak at 16800 cm-1 followed by negative troughs at 17500 cm-1 and 18700 cm-1. 
At higher energies, the 5 K MCD spectrum exhibits a positive transition at 19800 cm-1 and 
a trough at 20300 cm-1, as opposed to all positive peaks observed in the 280 K spectrum. 
Finally, upon lowering the temperature from 280 K to 5 K, the derivative-shaped Soret 
band blue-shifts by 400 cm-1 from 23800 cm-1 to 24200 cm-1 similar to the energy of the 
Soret band in the 274 K MCD spectrum of rHO–heme–CN.47 However, it is important to 
note that the MCD intensity for a 2Eg state is an order of magnitude greater than that of a 
2B2g state.
43 This is because the components of a 2Eg state can gain C-term intensity from 
spin-orbit coupling between the two components of the 2Eg set, but the 
2B2g state has no 
mixing states of appropriate symmetry. As a result, the fact that transitions originating from 
a 2Eg state dominate the MCD spectrum at 5 K simply means that this state is significantly 
populated at 5 K and the 5 K, 7 T MCD spectral data for MhuD–heme–CN is consistent 
with either a 2Eg or a 
2B2g electronic ground state. 
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Figure 2.7. VTVH MCD saturation magnetization curves recorded at 2, 5, and 10 K for 
MhuD–heme–CN along with simulated saturation magnetization curves for two low-spin 
Fe(III) model complexes.43 The VTVH MCD data strongly suggests that the electronic 
ground state of MhuD–heme–CN is 2B2g and there exists a low-lying 2Eg electronic excited 
state. 
In order to distinguish between 2Eg and 
2B2g electronic ground states, we measured 
VTVH MCD saturation curves for the Soret band trough (424 nm) of MhuD–heme–CN at 
2, 5, and 10 K (Figure 2.7). The curves for MhuD–heme–CN closely align with an S = ½ 
iron center.42 However, there is some nesting of the saturation magnetization curves. 
Nesting of saturation magnetization curves is typically associated with either a high spin 
system or coupled spin systems. Based on the π* acceptor strength of a cyanide ligand, it 
is extremely unlikely that an Fe(III)–CN complex would form a high spin species. Indeed, 
47 
 
the MhuD–heme–CN curves do not align with those of a high spin complex (Figure A7). 
If the nesting of the MhuD–heme–CN saturation magnetization arises from a coupled spin 
system, it would most likely be a small fraction of MhuD–diheme–CN. The MhuD–
diheme–CN curves are less nested than the MhuD–heme–CN curves, indicating that a 
MhuD–diheme–CN fraction is not the source of nesting in the MhuD–heme–CN data 
(Figure A8). Although nesting is unusual for an isolated S = ½ center, it is possible if a 
thermal mixture of two or more S = ½ states are populated. Based on the NMR and MCD 
spectroscopic data presented up to this point, this is a realistic possibility for MhuD–heme–
CN. To further investigate this possibility we simulated VTVH MCD saturation 
magnetization curves for two Fe(III) porphyrin model complexes, one with a 2Eg electronic 
ground state and the other with a 2B2g ground state. 
VTVH MCD saturation magnetization curves for xy-polarized transitions of two 
ferric tetramesitylporphyrin (TMP) complexes were simulated at 2 K based upon 
previously reported g values measured by EPR spectroscopy (Figure 2.7).43 Model 2 has a 
2Eg ground state and model 3 has a 
2B2g ground state. The initial slope of the VTVH MCD 
saturation magnetization curve for the 2Eg model is steeper than that for the 
2B2g model. 
This is because the initial slope for an xy-polarized transition is proportional to the gz 
value,42 which is ~3.0 for the 2Eg model and ~1.5 for the 
2B2g model. The initial slope of 
the 2K VTVH MCD saturation magnetization curve for MhuD–heme–CN is intermediate 
of the 2Eg and 
2B2g curves. As the temperature is raised, the initial slope of the saturation 
magnetization curve increases consistent with greater population of a 2Eg excited state. 
Thus, a picture emerges whereby MhuD–heme–CN most likely has a 2B2g electronic 
ground state with a very low-lying 2Eg excited state. 
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2.4 DISCUSSION 
 Geometric Structure of MhuD–heme–CN. It has been suggested that the heme 
ruffling observed in structures of IsdG-like heme degrading proteins is required for their 
activity.30, 32 The Cα atoms of the MhuD–heme–CN structure superimpose with those of 
N7A IsdG (PDB ID 2ZDO) and IsdI–heme–CN (PDB ID 3QGP) with rmsds of 1.59 and 
1.24 Å, respectively (Figure 2.8, IsdG is not shown for clarity).30, 31 The 1.5 Å distortion 
of heme from planarity in the MhuD–heme–CN structure is less than that observed for 
N7A IsdG and IsdI–heme–CN, which show heme distortions of 1.9 and 2.3 Å, respectively 
(Figure A9). In contrast, the overall out-of-plane distortion (1.5 Å) and the degree of heme 
ruffling (1.4 Å) in MhuD–heme–CN more than that observed in rHO–heme–CN (PDB ID 
2E7E) at pH 6.8,44 which displays only 0.6 Å distortion from planarity and 0.5 Å ruffling 
(Figure A9). Finally, while the bound hemes of MhuD–heme–CN, IsdG, and IsdI occupy 
similar positions within their respective structures, the entire heme molecule, and thus 
including, the propionate groups, for both IsdG and IsdI are rotated approximately 90° 
about the axis normal to the tetrapyrrole ring compared to the MhuD-bound heme (Figure 
2.8B). The positional difference within the heme molecules is dictated by the α1 helix and 
the loop region directly following the α2 helix. Within MhuD–heme–CN, the C-terminus 
of the α1 helix has an additional turn as compared to that of heme-bound IsdG/I, which 
enables Arg26 to form a H-bonding network with a water molecule, His75, and heme 
propionates 6 and 7. The last turn of this α1 helix is a loop region in both the IsdG and IsdI 
structures and, thus, the IsdG/I Arg26 Cα is displaced ~6 Å from the heme molecule, with 
its sidechain solvent accessible instead of participating within the active site, as observed 
for Arg26 in the MhuD–heme–CN structure (Figures 2.3B and 2.8B). Furthermore, the 
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structural variance in the loop region directly following the α2 helix combined with that of 
the α1 helix results in the MhuD heme propionates pointing towards this loop region, 
whereas the corresponding propionates in IsdG/I point towards the α1 helix, reducing their 
solvent accessibility compared to those of MhuD (Figure 2.8). This heme rotation may play 
a role in the variant location of tetrapyrrole ring cleavage during the heme degradation 
reaction of MhuD and IsdG/I proteins, whereby the two products of IsdG/I indicate 
cleavage at the β- and δ-meso carbons and the products of MhuD indicate cleavage at the 
α-meso carbon.6, 19 The kink observed in the α2 helix of MhuD–heme–CN is reminiscent 
of the corresponding helix in the S. aureus IsdG and IsdI heme-degrading proteins.31 
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Figure 2.8. Structural comparison of MhuD–heme–CN with IsdI–heme–CN. Panel A: 
Superposition of MhuD–heme–CN (cyan, PDB ID 4NL5) with IsdI–heme–CN (white, 
PDB ID 3QGP) shows that the orientation of heme within the active site of MhuD is 
different compared to that of IsdG and IsdI, whereby the heme propionates in MhuD are 
rotated 90° around the axis normal to the heme plane. Panel B: The final turn of the α1 
helix of MhuD (contains Arg26) is a loop region in the IsdI structure, enabling IsdI Arg26 
to flip from within the active site as observed in MhuD to be surface exposed. Residue 
sidechains and heme molecules are represented as sticks, with oxygen, nitrogen, and iron 
atoms colored red, blue, and orange, respectively. Ordered water molecules are represented 
as spheres. 
 Electronic Structure of MhuD–heme–CN. Whereas the electronic structures of 
HO–heme–CN and IsdI–heme–CN are dominated by single electronic states at 
physiologically-relevant temperatures,18, 25, 26, 30 at least two S = ½ electronic states are 
significantly populated in MhuD–heme–CN. The electronic ground state of MhuD–heme–
CN is 2B2g, similar to that of IsdI–heme–CN, and the populated excited state is 2Eg, similar 
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to the ground state of HO–heme–CN. In both electronic states, five electrons are distributed 
amongst the Fe 3dxy-, 3dxz-, and 3dyz-based MOs and the relative energies of these MOs 
determine the state populations at room temperature. In HO–heme–CN, the Fe 3dxy-based 
MO is lower in energy than the Fe 3dxz-, and 3dyz-based MOs, the unpaired electron is 
placed in either 3dxz or 3dyz, and delocalized onto the porphyrin pyrrole rings (Figure 2.1).
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The opposite case is observed for IsdI–heme–CN. The Fe 3dxy-based MO is higher in 
energy, singly-occupied, and the spin density is delocalized onto the porphyrin meso 
carbons.50 In MhuD–heme–CN, there is exchange between the two electronic states and 
spin density is delocalized onto either the porphyrin pyrrole rings or the porphyrin meso 
carbons depending upon the electronic configuration at a given point in time. 
 The varying degrees of heme ruffling in the X-ray crystal structures of MhuD–
heme–CN (PDB ID 4NL5), rHO–heme–CN (PDB ID 2E7E),44 and IsdI–heme–CN (PDB 
ID 3QGP)30 provide insight into the differences between their electronic structures (Figure 
A1.9). The Fe 3dxy-, 3dxz-, and 3dyz-based MOs are all energetically destabilized by 
porphyrin ruffling,51 but the greatest destabilization is experienced by the Fe 3dxy-based 
MO. Ruffling increases the overlap between the Fe 3dxy orbital and the porphyrin a2u 
orbital. This lowers the energy of the bonding combination, the occupied porphyrin a2u-
based MO, and raises the energy of the antibonding combination, the Fe 3dxy-based MO. 
When the magnitude of heme ruffling is increased from 0.5 Å in rHO–heme–CN to 2.3 Å 
in IsdI–heme–CN the Fe 3dxy-based MO moves to a higher energy than the Fe 3dxz-, and 
3dyz-based MOs and the electronic ground state changes from 
2Eg to 
2B2g (Figure 2.9). 
When the degree of heme ruffling is only increased to 1.4 Å, as is the case for MhuD–
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heme–CN, the energy of the Fe 3dxy-based MO is only slightly greater than those of the Fe 
3dxz-, and 3dyz-based MOs and both electronic states are significantly populated at room 
temperature. For the His–heme–CN moiety, the cross-over point where heme ruffling 
changes the ground state from 2Eg to 
2B2g must be somewhere between 0.5 and 1.4 Å of 
ruffling. 
 
Figure 2.9. Porphyrin ruffling alters the relative energies of the Fe 3dxy-, 3dxz-, and 3dyz-
based MOs. As the degree of ruffling increases from 0.5 Å (rHO–heme–CN) to 2.3 Å (IsdI–
heme–CN) the electronic ground state changes from 2Eg to 2B2g. MhuD–heme–CN exhibits 
an intermediate degree of ruffling (1.4 Å) and, consequently, a thermal mixture of these 
two states is observed. 
Implications for MhuD-catalyzed Heme Degradation. In S. aureus IsdI, it has 
been concluded that heme ruffling contributes to heme degradation activity,32 but it remains 
unclear if the relationship between ruffling and activity is due to structural and/or electronic 
considerations. The X-ray crystal structure of MhuD–heme–CN provides insight into the 
structural contributions to the regioselectivity of MhuD-catalyzed heme degradation. 
Porphyrin ruffling displaces all four heme meso carbons out of the heme plane. This 
distortion places α- and γ-meso carbons on the distal side of the heme plane, while the β- 
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and δ-meso carbons are pushed away from the distal ligand and toward the proximal His 
ligand. As suggested previously based upon examination of the MhuD–diheme X-ray 
crystal structure (PDB ID 3HX9),5, 6 this pattern of meso carbon distortion is opposite that 
observed in IsdG/I due to 90° in-plane rotation of the heme substrate relative to its 
orientation in IsdG/I. The proximities of the α- and γ-meso carbons to the distal ligand site 
make these meso carbons significantly more accessible to reactive iron–dioxygen species 
in MhuD, whereas the β- and δ-meso carbons are more accessible to reactive iron–dioxygen 
species in IsdG/I. This distortion would seem to suggest that α-meso carbon oxygenation 
by MhuD occurs prior to β- or δ-meso carbon oxygenation. 
It is likely that there is also a significant electronic contribution to the 
regioselectivity of heme cleavage by MhuD, since structural considerations do not explain 
the selectivity for the for the α-meso carbon over the γ-meso carbon. In S. aureus IsdI, 
heme cleavage can occur at both meso carbons pushed out of the plane towards the distal 
ligand site,19, 20 but in M. tuberculosis MhuD ring cleavage only occurs at the α-meso 
carbon.6 One contribution to the α-regioselectivity of porphyrin cleavage by most canonical 
HOs is steric protection of the β-, δ-, and γ-meso carbons by the distal helix as first noted 
in the X-ray crystal structure of human HO (PDB ID 1N45),9 and a similar steric origin for 
α-regioselctivity was proposed for the reaction catalyzed by MhuD prior to the solution of 
the MhuD–heme–CN X-ray crystal structure.6 However, the distal faces of both the α- and 
γ-meso carbons have similar degrees of hydrophobic protection by Val53 in the case of the 
α-meso carbon and Ile9 in the case of the γ-meso carbon. It is also unlikely that the distal 
ligand tilt is a significant contributor to regioselectivity. In the MhuD–heme–CN X-ray 
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crystal structure, the terminal nitrogen of the CN ligand is only 0.08 Å closer to the γ-meso 
carbon than the α-meso carbon. In the absence of a satisfying structural explanation, the 
potential electronic contributions to the reaction catalyzed by MhuD warrant further 
consideration. 
The α-regioselectivity of MhuD-catalyzed heme cleavage can best be explained for 
a reaction that proceeds through a 2B2g electronic state, similar to the mechanism proposed 
for IsdI-catalyzed heme degradation.30, 32 In a 2B2g state, spin density is delocalized onto 
the porphyrin meso carbons due to overlap of the Fe 3dxy and C 2pz orbitals.
21 The α-meso 
carbon is displaced 0.7 Å out of the heme plane normal to the Fe–His bond in the MhuD–
heme–CN structure (PDB ID 4NL5) as compared to a 0.4 Å displacement of the γ-meso 
carbon. As a result, there should be significantly more orbital overlap between the Fe 3dxy 
and α-meso C 2pz orbitals placing more spin density on the α-meso carbon. This would 
give the α-meso carbon more partial radical character than the γ-meso carbon and favor 
selective attack of the α-meso carbon by a reactive iron–dioxygen species. 
The possible functional role of the unexpected finding that two S = ½ states are 
significantly populated in MhuD–heme–CN at physiologically-relevant temperatures 
warrants consideration. A thermal mixture of S = 3 2⁄  and S = ½ ferric heme electronic states 
has been observed previously for hydroxide and azide complexes of P. aeruginosa PigA,52, 
53 but to our knowledge this is the first report of a thermal mixture of two S = ½ ferric heme 
states in a heme degrading enzyme. Based upon the data presented in this work and in the 
literature,30, 32 it appears that the first porphyrin oxygenation step in both the MhuD- and 
IsdI-catalyzed reactions proceeds through a 2B2g electronic state.  However, porphyrin 
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oxygenation of a ruffled heme substrate by a reactive iron–dioxygen species generated in 
the distal pocket of MhuD cannot explain the additional β- or δ-meso oxygenation deduced 
from the structure of mycobilin.6 We propose that the structural and electronic plasticity of 
the MhuD substrate allows the enzyme to pursue a reactive pathway distinct from that of 
either canonical HOs or IsdG-like heme degrading enzymes. 
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3.1. INTRODUCTION 
The relationship between porphyrin ruffling and the UV/Vis absorption (Abs) spec-
trum of heme has been a topic of debate in the chemical literature for several decades. 
Heme ruffling has been defined as a b1u out-of-plane deformation of the porphyrin macro-
cycle from D4h symmetry,1 and previous research has demonstrated a compelling connec-
tion between out-of-plane distortion type and heme function.2 Thus, the development of an 
accessible, accurate spectroscopic tool to quantify porphyrin ruffling between related spe-
cies is of significant value to the entire heme community. Prior to this study, two major 
obstacles to the development of Abs spectroscopy as an accurate probe of heme ruffling 
were the lack of: an experimental dataset with a suitably diverse range of ruffling distor-
tions, and a sufficiently rigorous theoretical model for iron porphyrin.  Spectroscopic char-
acterization of a series of Mycobacterium tuberculosis MhuD variants with varying degrees 
of substrate ruffling, and the creation of a density functional theory (DFT) model of ferric 
porphyrin, have overcome both of these challenges. 
Until recently, it had been generally accepted that ruffling red-shifts the Abs spec-
trum of porphyrins by preferentially destabilizing the highest-occupied orbitals of the por-
phyrin π system, which have a1u and a2u symmetry in the D4h point group.3 A careful semi-
empirical computational study of nickel(II) and zinc(II) porphyrins revealed that increased 
torsion within the six-membered metallocycle ring upon macrocycle ruffling is responsible 
for raising the energy of the porphyrin a2u orbital resulting in the observed red-shift.4 In 
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addition, DFT modelling of ruffled nickel(II) porphyrins established that the porphyrin a2u 
orbital is antibonding with respect to the nickel 3dxy orbital causing an additional red-shift 
upon ruffling for nickel porphyrins.5 However, a more recent DFT study of ruffled ferric 
porphyrins demonstrated that the relative energies of the porphyrin a2u and metal dxy orbit-
als are reversed for ferric heme, and increased mixing of these two orbitals upon porphyrin 
ruffling raises the energy of the Fe 3dxy-based molecular orbital.6 This strongly suggests 
that ruffling of ferric heme would be expected to stabilize the porphyrin a2u orbital contrib-
uting a blue-shift that would compete with the red-shift arising from metallocycle torsion. 
Recently, the Abs spectrum of ferric heme bound to variants of S. aureus IsdI that induce 
between 1.5 and 2.3 Å of ruffling were acquired, and a red-shift was observed with increas-
ing heme ruffling.7 These data would seem to suggest that a2u destabilization by metallo-
cycle torsion overwhelms a2u stabilization from metal/porphyrin orbital mixing in ferric 
heme, but the amount of heme ruffling observed in IsdI is greater than that of any other 
crystallographically-characterized heme protein and the red-shift of the Abs spectrum due 
to metallocycle torsion is expected to be non-linear with respect to the magnitude of heme 
ruffling.4, 8 M. tuberculosis MhuD offers an excellent opportunity to further examine the 
influence of ruffling on ferric heme optical spectra in a less extreme range of distortion 
since 1.4 Å of ruffling is observed in WT MhuD.9 
MhuD is a critical component of the M. tuberculosis heme iron acquisition pathway 
that allows the pathogen to survive in a non-heme iron deficient environment.10 Perturba-
tions to the heme substrate geometric and electronic structure by second sphere interactions 
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in the MhuD active site are likely crucial for regiospecific oxygenation of heme to myco-
bilin.11 In canonical heme oxygenases, the regioselectivity of porphyrin cleavage is gov-
erned by the relative orientations of the heme substrate and a conserved water cluster in the 
enzyme active site,12, 13 which directs attack of a porphyrin meso carbon by a reactive ox-
ygen derived from a critical ferric–hydroperoxo species.14, 15 In contrast, IsdG-like en-
zymes lack the active site water cluster of canonical heme oxygenases, and it has been 
proposed that ruffling of the heme substrate and population of a 2B2g electronic state with 
a (dxz,dyz)4(dxy)1 configuration may compensate for the missing water cluster by promoting 
a radical-based mechanism.8, 16 In MhuD, there is no evidence for a conserved water cluster 
in the X-ray crystal structures, nor is the heme substrate distorted to the same extent as 
observed in IsdG-like enzymes.9, 17 Furthermore, while IsdG-like reactivity can partially 
account for the regioselectivity of porphyrin ring cleavage by MhuD, it cannot explain the 
regiospecificity of the additional ring oxygenation in the mycobilin product. A meso carbon 
adjacent to the porphyrin cleavage site is oxygenated in mycobilins, whereas the meso car-
bon across from the cleavage site is oxygenated by IsdG-like enzymes.18-20 It is remarkable 
that canonical heme oxygenases, IsdG-like enzymes, and MhuD convert identical sub-
strates, His-ligated heme and molecular oxygen, to different products. Most likely, second 
sphere interactions unique to the MhuD active site induce small structural changes that 
produce a substrate electronic structure particular to MhuD, which is primed to transform 
heme to mycobilin. 
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The primary objective of this study was to evaluate the influence of Trp66 on the 
electronic structure and optical spectra of cyanide-inhibited MhuD (MhuD–heme–CN, Fig-
ure 3.1). Trp66 occupies a similar location relative to the heme substrate in the X-ray crystal 
structures of MhuD–heme–CN (PDB ID 4NL5)9 and S. aureus IsdI (PDB ID 3QGP),8 an 
IsdG-like enzyme. In IsdI it has been shown that replacement of Trp66 with a Tyr residue 
decreases heme ruffling from 2.3 to 1.5 Å, diminishes population of a 2B2g electronic state, 
and approximately halves enzyme activity.7 In MhuD, the distance between Trp66 and the 
heme substrate is greater than that observed for IsdI, and the resulting geometric and elec-
tronic structure of the heme substrate is more similar to that of W66Y IsdI. Wild type (WT) 
MhuD binds a cyanide-inhibited heme with 1.4 Å of ruffling and both 2B2g and 2Eg elec-
tronic states, the later with a (dxy)2(dxz,dyz)3 configuration, are populated at physiologically-
relevant temperatures.9 Prior to this study, it was hypothesized that Trp66 has similar roles 
in MhuD- and IsdG-catalyzed heme degradation, and that substitution of Trp66 for a 
smaller amino acid in MhuD would further decrease porphyrin ruffling, population of a 
2B2g state, and heme degradation activity. Alternatively, since the porphyrin meso carbon 
at the ring cleavage site is retained as an aldehyde in mycobilin and lost as formaldehyde 
in the IsdG-catalyzed reaction,19, 20 it is also possible that Trp66 has an entirely different 
role in MhuD-catalyzed heme degradation. 
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Figure 3.1. Trp 66 is 3.67 Å away from the α-meso carbon of heme in the X-ray crystal 
structure of WT MhuD–heme–CN (PDB ID 4NL5).9 A steric interaction between Trp66 
and the α-meso carbon of heme appears to be primary driving force for the 1.5 Å of por-
phyrin ruffling observed in the structure. 
This article describes the preparation and characterization of W66F and W66A 
MhuD in order to elucidate the role of Trp66 in MhuD-catalyzed heme degradation and 
advance fundamental understanding of the influence of ruffling on the electronic structure 
of ferric heme. Ultraviolet (UV) circular dichroism (CD) spectroscopy indicates that these 
mutations do not significantly alter the polypeptide secondary structure, but enzyme activ-
ity assays demonstrate that Trp66 has a dramatic influence on the heme degradation rate. 
1H nuclear magnetic resonance (NMR) and variable-temperature, variable-field (VTVH) 
magnetic CD (MCD) spectroscopic characterization of the variants suggests that replace-
ment of Trp66 by a smaller amino acid diminishes population of a 2B2g electronic state in 
accord with previous studies of S. aureus IsdI.7 However, combined Abs and MCD char-
acterization of W66F and W66A MhuD indicates that these mutations destabilize the por-
phyrin a2u-based molecular orbital resulting in spectral red-shifts. This optical spectro-
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scopic data contradicts that previously reported for WT and W66Y IsdI, strongly suggest-
ing that the electronic properties of MhuD cannot be reliably extrapolated from those of 
IsdG-like enzymes. A new, comprehensive, DFT model for the influence of heme ruffling 
on the electronic structure of low-spin, ferric heme is presented that is compatible with the 
seemingly contradictory data for MhuD and IsdI. This new model also resolves the long-
standing question of whether heme ruffling induces a red- or blue-shift of optical spectra 
by reconciling the metallocycle torsion and metal/porphyrin orbital mixing mechanisms. 
Finally, these spectroscopic and computational results provide significant new insight into 
the electronic determinants of MhuD-catalyzed heme degradation, specifically relating to 
the role of second-sphere interactions between the heme substrate and Trp66. 
3.2. METHODS 
Unless otherwise noted, all materials used in this work were purchased from Fisher Sci-
entific and used without further purification. 
Protein Expression and Purification. The cloning of WT MhuD into pET-22b 
(Ampr, Novagen) has been previously described,17 and the W66F and W66A variants were 
prepared using site-directed mutagenesis using the QuikChange Lightning and Quik-
Change II site-directed mutagenesis kits (Agilent), respectively. The DNA primers used for 
mutagenesis were purchased from the Midland Certified Reagent Company (Tables B1-
B2). DNA sequencing performed by the University of Vermont Cancer Center DNA Anal-
ysis facility confirmed the introductions of the W66F and W66A mutations into the pET-
63 
  
22b plasmid (Tables B3-B4). Prior to protein expression and purification, plasmids encod-
ing W66F and W66A MhuD were transformed into BL21-GOLD (DE3) cells (Stratagene). 
Heme-bound MhuD sample preparation generally followed previous literature re-
ports.9, 17 W66F and W66A MhuD were expressed and purified as previously reported for 
spectroscopic characterization of WT MhuD except that the concentration of imidazole for 
the second wash step of column chromatography was reduced to 50 mM.9 Using this pro-
cedure, W66F and W66A MhuD were obtained in >99% and >95% purity, respectively, as 
determined by SDS-PAGE gel electrophoresis (Figures B1-B2). Apoprotein concentrations 
were determined by Bradford assay with bovine serum albumin (Pierce) as the standard. 
Uninhibited, heme-bound (MhuD–heme) and MhuD–heme–CN forms of WT, W66F, and 
W66A MhuD were prepared as previously described for WT enzyme.17 
Activity Assays. The extinction coefficients for the Soret bands of W66F and 
W66A MhuD–heme and MhuD–heme–CN were determined using pyridine hemochrome 
assays according to the procedures reported for WT MhuD.9, 21 The rate of MhuD-catalyzed 
heme degradation was assayed using a procedure similar to that previously employed for 
S. aureus IsdI.7 10 μM MhuD–heme and 1 mM sodium ascorbate were combined in 20 
mM Tris pH 7.4, 50 mM NaCl and the Abs spectrum of the reaction mixture was acquired 
between 800 and 300 nm every 10 min over the course of 90 min using a Cary 100 Bio 
spectrophotometer with a scan rate of 600 nm/min, a bandwidth of 2 nm, an averaging time 
of 0.1 s, and a data interval of 1 nm. The pseudo-first order rate constant of heme degrada-
tion was determined by fitting the decrease of the Soret band absorbance to an exponential 
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decay using IgorPro (WaveMetrics). Heme degradation was also monitored upon the addi-
tion of catalase in a 2:1 molar ratio (MhuD–heme:catalase) using identical experimental 
conditions to those described above in order to investigate whether heme degradation arises 
from enzymatic turnover or coupled oxidation.19 
Spectroscopic Characterization. 1H NMR spectra of W66F and W66A MhuD–
heme–CN were acquired at 37 °C using a Super-WEFT pulse sequence as previously de-
scribed for WT enzyme.9, 22, 23 Room temperature Abs spectra were acquired for MhuD–
heme–CN samples in 50 mM Tris pH 7.4, 50 mM NaCl. Room temperature Abs spectra 
were collected on a Cary 100 Bio spectrophotometer with a scan rate of 600 nm/min, a 
bandwidth of 2 nm, an averaging time of 0.1 s, and a data interval of 1 nm. 
For 5 K Abs, 5 K MCD, and 280 K MCD spectroscopic characterization, MhuD–
heme–CN samples in 50 mM potassium phosphate (KPi) pH 7.4, 50 mM NaCl, 60% (v/v) 
glycerol solutions were loaded into custom-built oxygen-free copper/quartz sample cells 
and flash frozen in liquid nitrogen to form a transparent glass. 5 K Abs, 5 K MCD, and 280 
K MCD spectra, as well as VTVH MCD saturation magnetization curves, were acquired 
on a home-built setup consisting of a Jasco J-815 spectropolarimeter and an Oxford 
SM4000-8T Spectromag controlled by a Mercury iTC temperature controller and a Mer-
cury iPS power supply. Spectral data was acquired with a scanning speed of 200 nm/min, 
a bandwidth of 1 nm, a digital integration time of 0.2 s, and a data pitch of 0.5 nm. VTVH 
MCD saturation magnetization curves were measured at 2, 5, and 10 K for the 434.5 nm 
and 435 nm peaks of W66F and W66A MhuD–heme–CN, respectively, using a magnetic 
field ramp rate of 0.7 T/min, a bandwidth of 1 nm, a digital integration time of 0.25 s, and 
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a data pitch of 0.5 s. For all MCD data presented in this work, the natural CD contribution 
was removed from the MCD spectrum by subtracting the negative field data from the pos-
itive field data and dividing by 2. The simulated VTVH MCD saturation magnetization 
curves for bis(1-methylimidazole) ferric tetramesitylporphyrinate and bis(4-cyano-
pyridine)ferric tetramesitylporphyrinate were generated using the VTVH 2.1.1 program as 
described previously,9, 24 based upon published EPR data.25 
DFT Calculations. Truncated structural models of cyanide, imidazole-ligated fer-
ric porphyrin were generated in order to model the electronic structure of ferric heme using 
DFT. The initial structure used for all DFT calculations was derived from the X-ray crystal 
structure of WT MhuD–heme–CN (PDB ID 4NL5).9 All ligands and amino acids were 
removed except cyanide and His75. In addition, the heme propionate side-chains were re-
duced to methyl groups and His75 was reduced to an imidazole ring to avoid the presence 
of unrealistic surface charges in the computational models. Hydrogen atoms were added 
using ArgusLab (Planaria Software) to generate the initial structural model of ferric por-
phyrin.  
Partially-optimized DFT models were prepared for ferric porphyrins with varying 
degrees of ruffling to investigate the influence of ruffling on the electronic structure of 
ferric heme. All electronic structure calculations were performed in the ORCA 3.0.0 soft-
ware package on the 380 node IBM Bluemoon cluster at the Vermont Advanced Computing 
Core.26 All DFT calculations employed the PBE or PBE0 density functional,27, 28 TZVP 
basis set,29 TZV/J auxiliary basis set,30 and tight SCF convergence criteria. 37 models of 
cyanide, imidazole-ligated ferric porphyrin were generated with the α-meso–Fe–γ-meso 
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angle restricted to values between 130° and fully relaxed (Figure B3). To aid interpretation 
of the DFT results, quasi-restricted orbitals (QROs) and spin densities were generated by 
ORCA,31 and plotted in gOpenMol with isodensity values of ±0.03 and ±0.003 au, respec-
tively.32, 33 
Time-dependent DFT (TDDFT) calculations were performed to assess the influ-
ence of ruffling-induced structural changes on the Abs spectra of ferric porphyrins. TDDFT 
was used to calculate the transition energies and Abs intensities for the first 150 electronic 
excited states within an expansion space of 900 vectors for each structure using the same 
density functional and basis sets as described above. The orca_mapspc utility program was 
employed to generate TDDFT-predicted Abs spectra by convoluting Gaussian-shaped 
bands with full width at half maximum (FWHM) values of 1500 cm-1. 
 
Figure 3.2. MhuD-catalyzed heme degradations in 20 mM Tris pH 7.4, 50 mM NaCl were 
fit to first-order rate laws (solid lines). The pseudo-first-order rate constants for WT, W66F, 
and W66A MhuD in the presence of excess ascorbate were determined to be 0.009 ± 0.004, 
0.001 ± 0.001, and 0.0003 ± 0.0004 min-1, respectively. 
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3.3. RESULTS 
MhuD Activity. The rates of WT, W66F, and W66A MhuD-catalyzed heme degra-
dation were measured to ascertain the influence of Trp66 on enzymatic turnover (Figure 
3.2). To determine whether heme degradation arose from enzymatic turnover or coupled 
oxidation where free peroxide is generated, the assays were repeated in the presence of 
catalase. The same trend of decreased heme degradation activity from WT to W66F to 
W66A MhuD was observed (Figures B4-B6). Heme degradation did not occur in the pres-
ence of ascorbate and catalase without the addition of MhuD (Figure B7). These data 
demonstrate that steric bulk at residue 66 promotes MhuD-catalyzed heme oxygenation, 
and this reaction does not depend upon the generation of free peroxide. CD spectra of WT, 
W66F, and W66A MhuD–heme–CN were acquired in the UV region and analyzed to de-
termine whether the dependence of the MhuD-catalyzed heme degradation rate on the iden-
tity of residue 66 could be attributed to polypeptide structural changes (Figure B8, Table 
B5). All three forms of MhuD–heme–CN have protein folds similar to that of the available 
crystal structure, and differences between the reactivity of WT, W66F, and W66A MhuD 
can likely be attributed to perturbations of the heme electronic structure. 
NMR Spectroscopic Data. 1H NMR spectra of W66F and W66A MhuD–heme–
CN were collected to investigate whether the decreased activity of these variants could be 
correlated to heme electronic structure changes. The findings of several research groups 
have suggested that the hyperfine-shifted resonances of cyanide-inhibited heme oxygen-
ases may be fingerprints of the electronic ground state, with downfield resonances observed 
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in species with 2Eg ground states,7, 34-36 and upfield resonances observed in proteins with 
2B2g ground states.8 Downfield hyperfine-shifted resonances are observed in the 1H NMR 
 
Figure 3.3. 1H NMR spectra of WT (top),9 W66F (middle), and W66A (bottom) MhuD–
heme–CN in 20 mM NaPi pH 7.4 (100% D2O) at 37 °C. The hyperfine-shifted 1H reso-
nance detected at -20.5 ppm in WT MhuD–heme–CN is not observed in the spectra of 
W66F and W66A MhuD–heme–CN. 
 spectra of WT, W66F, and W66A MhuD–heme–CN (Figure 3.3),9 with the chemical shift 
of the furthest downfield resonance increasing from 20.2 to 20.7 to 23.8 ppm upon replac-
ing Trp66 with Phe and Ala, respectively. In contrast, the upfield hyperfine-shifted reso-
nance detected at -20.5 ppm for WT enzyme has no counterpart in the 1H NMR spectra of 
W66F and W66A MhuD–heme–CN. Ultimately, the presence of both downfield and up-
field hyperfine-shifted 1H resonances in WT MhuD–heme–CN was attributed to a 2B2g 
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electronic ground state with a thermally-accessible 2Eg excited state. Here, the observations 
that W66F and W66A MhuD–heme–CN retain downfield hyperfine-shifted 1H resonances, 
but lose a far upfield hyperfine-shifted 1H resonance, suggests that a 2Eg electronic state 
predominates at 37 °C. However, there are other reasonable explanations for the W66F and 
W66A MhuD–heme–CN 1H NMR data and this issue will be revisited following the 
presentation of complementary VTVH MCD data (vide infra). 
Optical Spectroscopic Data. The Abs spectra of WT, W66F, and W66A MhuD–
heme–CN were acquired to measure the influence of these substitutions on the porphyrin 
electronic structure. Porphyrins typically have two intense Abs bands in the 400-600 nm 
region that arise from configuration interaction mixing of two electronic excited states aris-
ing from nearly degenerate a1u →  eg* and a2u →  eg* porphyrin π →  π* transitions (Figure 
3.4).37 The lower energy Q band was observed at 18100 cm-1 for all three forms of MhuD–
heme–CN. In contrast, the higher energy Soret band red-shifts from 23900 cm-1 to 23500 
cm-1 and 23400 cm-1 upon replacement of Trp66 by a Phe or Ala residue, respectively. It is 
worth noting that the dependence of these band energies on the amount of steric bulk at 
residue 66 is fundamentally different from that previously reported for cyanide-inhibited 
IsdI,7 where both the Q and Soret bands blue-shift upon replacing Trp66 by Tyr 
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Figure 3.4. Room temperature Abs spectra of WT (solid line), W66F (dotted line), and 
W66A (dashed line) MhuD–heme–CN in 50 mM Tris pH 7.4, 50 mM NaCl. The Q band 
energy is unaffected by the Trp66 substitutions, and the Soret band red-shifts with de-
creased steric bulk at residue 66. 
or Phe. In MhuD, decreased steric bulk for residue 66 decreases the energy difference be-
tween the occupied porphyrin a1u and a2u orbitals and the vacant porphyrin eg* orbitals, 
whereas in IsdI replacement of Trp66 increases this energy difference. 
280 K, 7 T MCD spectra of W66F and W66A MhuD–heme–CN were collected to 
compare the electronic structures of these species to those of other cyanide-inhibited heme 
oxygenases. The W66F and W66A MhuD–heme–CN MCD spectra are very similar to one 
another with a single negatively-signed band at low energy followed by three positively-
signed bands at 18300, 19500, and 21500 cm-1 and 18200, 19500, and 21400 cm-1, respec-
tively (Figure 3.5). In both species, the positively-signed band at 19500 cm-1 is the most 
intense spectral feature apart from those associated with the Soret band. The zero-crossing 
points for the W66F and W66A MhuD–heme–CN MCD Soret bands are 23400 and 23300 
cm-1, respectively. These MCD spectra are quite different from those reported for other 
cyanide-inhibited, non-canonical heme oxygenases, specifically WT MhuD–heme–CN and 
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cyanide-inhibited IsdI.8, 9 In WT cyanide-inhibited MhuD and IsdI, an MCD band at 19700 
cm-1 is the least intense of the three positively-signed spectral features in the visible region 
and the Soret band crossing points are observed at higher energies as compared to W66F 
and W66A MhuD–heme–CN. The MCD spectra presented here are also significantly dif-
ferent from that previously reported for cyanide- inhibited rat heme oxygenase,38 a canon-
ical heme oxygenase. Cyanide-inhibited rat heme oxygenase has an intense, negatively-
signed MCD band at 17600 cm-1 absent in all other spectra described here and a Soret band 
zero-crossing point at 24100 cm-1, which is much higher in energy than the Soret zero-
crossing points for W66F and W66A MhuD–heme–CN. Thus, room temperature MCD 
spectroscopy suggests that the electronic structures of W66F and W66A MhuD–heme–CN 
are fundamentally different from those of WT cyanide-inhibited MhuD, IsdI, and rat heme 
oxygenases. 
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Figure 3.5. 280 K (top) and 5 K (bottom) MCD spectra of WT (solid line),9 W66F (dotted 
line), and W66A (dashed line) MhuD–heme–CN at 7 T in 50 mM KPi pH 7.4, 50 mM 
NaCl, 60% (v/v) glycerol. The MCD spectra of W66F and W66A MhuD–heme–CN are 
significantly different from that of WT MhuD–heme–CN. 
Further insight into the electronic structures of W66F and W66A MhuD–heme–CN can 
be obtained by comparing the 280 K MCD data to data acquired at 5 K, as well as the 
published MCD spectra of WT MhuD–heme–CN. The 5 K and 280 K MCD spectra of WT 
MhuD–heme–CN are quite different from one another, including a 400 cm-1 blueshift of 
the Soret band zero-crossing point upon cooling to 5 K, which was attributed to the pres-
ence of a thermal mixture of 2B2g and 2Eg electronic states.9 A 200 cm-1 blueshift of the 
W66F and W66A MhuD–heme–CN Soret band zero-crossing points is observed upon cool-
ing these species from 280 K to 5 K, suggesting that multiple electronic states may be 
populated in these variants as well. Nevertheless, there are several differences between the 
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5 K MCD spectra of WT, W66F, and W66A MhuD–heme–CN. The WT MhuD–heme–CN 
spectrum lacks a discernable β-band, the positively-signed band at 19800 cm-1 has de-
creased intensity, and the positively-signed component of the Soret band has a different 
shape (Figure 3.5). The spectral changes suggest that the electronic structures of W66F and 
W66A MhuD–heme–CN are fundamentally different from that of WT enzyme in accord 
with the 280 K MCD data. However, upon comparing the 5 K MCD spectra of WT, W66F, 
and W66A MhuD–heme–CN, there is a clear trend where the zero-crossing points for both 
the Q and Soret bands red-shift with decreasing steric bulk at residue 66. These data indi-
cate that the energy difference between the occupied porphyrin a1u/a2u orbitals and the por-
phyrin eg* orbitals decreases upon replacement of Trp66 by a smaller amino acid in MhuD–
heme–CN due to destabilization of the occupied orbitals and/or stabilization of the unoc-
cupied orbitals. 
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Figure 3.6. VTVH MCD saturation magnetization curves for W66F (top) and W66A (bot-
tom) MhuD–heme–CN in 50 mM KPi pH 7.4, 50 mM NaCl, 60% (v/v) glycerol at 2 K 
(blue), 5 K (green), and 10 K (red). For comparison, the simulated saturation magnetization 
curves for ferric heme model complexes with 2Eg (dashed black line) and 2B2g ground states 
(dotted black line) are shown. 
VTVH MCD Saturation Magnetization Curves. VTVH MCD spectroscopy was 
used to identify the electronic ground states of W66F and W66A MhuD–heme–CN. This 
approach relies upon the facts that the Soret band of heme is xy-polarized meaning that the 
slope of this curve primarily depends upon the magnitude of gz for S = ½ heme,24 and that 
the gz values for 2Eg and 2B2g states are significantly different from one another meaning 
that these curves are distinguishable.39 Previously, VTVH MCD saturation magnetization 
curves for the negatively-signed component of the Soret band were used to establish that 
the ground state of WT MhuD–heme–CN is 2B2g and that a 2Eg excited state is thermally-
populated.9 The slopes of the Soret band VTVH MCD saturation magnetization curves for 
W66F and W66A MhuD–heme–CN at 2 K are intermediate of those simulated for two 
model complexes known to have either 2Eg or 2B2g electronic ground states (Figure 3.6). 
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When the temperature is increased to 5 and 10 K, the slopes of the MhuD–heme–CN satu-
ration magnetization curves decrease, clearly indicating that two or more electronic states 
are populated at cryogenic temperatures. Based upon the simulated curves for model com-
plexes with 2Eg and 2B2g electronic ground states, the electronic ground states of W66F and 
W66A MhuD–heme–CN are most likely 2Eg with thermally-accessible 2B2g excited states. 
This finding is opposite of that previously reported for WT enzyme, indicating that de-
creased steric bulk at residue 66 lowers the energy of the Fe 3dxy-based molecular orbital 
and/or raises the energies of the Fe 3dxz- and Fe 3dyz-based molecular orbitals. 
DFT Calculations. DFT calculations for a series of cyanide-inhibited ferric heme 
models with varying degrees of porphyrin ruffling suggest that porphyrin ruffling signifi-
cantly perturbs the composition and energy of several valence orbitals (Figure 3.7). Most 
significantly, ruffling increases mixing of the Fe 3dxy and porphyrin a2u orbitals, which 
raises the energy of the Fe 3dxy-based antibonding combination and lowers the energy of 
the porphyrin a2u-based bonding molecular orbital. In addition, ruffling decreases mixing 
of the Fe 3dxz and 3dyz orbitals with the porphyrin eg* orbitals. This mixing can be seen 
most clearly by examining the Fe 3d contribution to the porphyrin eg*-based molecular 
orbitals, which decreases with increased ruffling. The ruffling-induced changes to the Fe 
3d-based molecular orbital energies suggest that ruffling may trigger an electronic ground 
state change, and the perturbation of the porphyrin π-based orbital energies suggests that 
this out-of-plane distortion may alter the optical spectra of cyanide-inhibited, ferric heme. 
In order to further investigate these possibilities, ground state spin density and excited state 
TDDFT calculations were employed. 
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Figure 3.7. PBE/TZVP-computed valence QROs for cyanide, imidazole-ligated ferric 
heme as a function of porphyrin ruffling. Valence QRO plots for models with 0.3 Å (left) 
and 2.3 Å (right) ruffling are shown, in addition to the influence of ruffling on the energy 
of each QRO (middle). The identity of the SOMO changes from Fe 3dπ- to Fe 3dxy-based 
at 1.9 Å of ruffling (vertical line). 
Spin densities predicted by the PBE density functional identify a ruffling-induced elec-
tronic ground state change in accord with experimental data for cyanide-inhibited heme 
oxygenases, but spin densities predicted by the PBE0 hybrid functional do not. The PBE 
model suggests that the electronic ground state changes from 2Eg to 2B2g at 1.9 Å of ruffling 
(Figures 3.7 and B9). The identities of these two electronic ground states, as well as the 
degree of porphyrin ruffling where the ground state changes, are consistent with 1H NMR 
data for cyanide-inhibited human heme oxygenase and IsdI.8, 34, 36 In contrast, the PBE0 
model predicts a 2Eg ground state regardless of the magnitude of porphyrin ruffling, which 
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is inconsistent with the experimentally-determined ground state of IsdI (Figure B10). Sim-
ilar inconsistencies arose from a B3LYP model, strongly suggesting that hybrid DFT 
should not be used to model low-spin, ferric heme species. Ultimately, the PBE/TZVP spin 
density calculations provide a clear, quantum mechanical explanation for the observed 
electronic ground state differences between cyanide-inhibited human heme oxygenase, 
MhuD, and IsdI. Porphyrin ruffling allows the Fe 3dxy and porphyrin a2u orbitals to mix, 
which raises the energy of the Fe 3dxy-based molecular orbital above the Fe 3dxz- and 3dyz-
based molecular orbitals, triggering a ground state electron configuration change. 
The Abs spectrum predicted using the His–heme–CN model with 1.3 Å of ruffling, 
the PBE density functional, and TDDFT is in excellent agreement with the experimental 
data for MhuD–heme–CN. The TDDFT-predicted Abs spectrum exhibits clear Q and Soret 
bands comprised of multiple electronic transitions due to coupling of ligand field and 
charge transfer transitions to the porphyrin π →  π* transitions (Figure 3.8). PBE TDDFT 
calculations predict Q and Soret band energies of 23100 and 27700 cm-1, respectively, for 
the model with 1.3 Å of ruffling, compared to the experimentally-determined values of 
18100 and 23900 for MhuD–heme–CN.9 The overestimation of the electronic transition 
energies by 3000-5000 cm-1 is fairly typical for heme,40 and primarily due to the fact that 
TDDFT describes excited state electronic structure using ground state orbitals. The TDDFT 
calculations overestimate the intensity of the Q band, 30000 M-1cm-1 versus 16000 M-1cm-
1 measured experimentally, and underestimate the Soret band intensity by a similar amount, 
105000 M-1cm-1 versus 121000 M-1cm-1. If these observations are considered in combina-
tion with the fact that TDDFT underestimates the Q/Soret band energy splitting by 1200 
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cm-1, it seems likely that TDDFT is underestimating configuration interaction mixing be-
tween the two 1Eu   porphyrin excited states. Nevertheless, these issues should have no 
influence on the accuracy of the DFT-computed ground state electronic structure, and only 
a minimal influence on the accuracy of the excited state energy changes arising from the 
porphyrin ruffling. 
 
Figure 3.8. The PBE/TZVP TDDFT-predicted Abs spectrum for a model with 1.3 Å of 
porphyrin ruffling (top), corresponding to the degree of heme ruffling observed in the X-
ray crystal structure of WT MhuD–heme–CN (PDB ID 4NL5),9 exhibits clear Q and Soret 
band features whose transition energies and intensities are consistent with experiment. The 
Q band energy is predicted to red-shift with increased porphyrin ruffling, although the trend 
is non-linear with respect to the degree of ruffling (middle). The dependence of the Soret 
band energy on heme ruffling is more complex (bottom). 
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The influence of porphyrin ruffling on the cyanide-inhibited ferric heme Abs spec-
trum was examined using the same density functional, basis set, and TDDFT algorithm as 
for the experimentally-validated model of MhuD–heme–CN described above (Figures 3.8 
and B10). These TDDFT calculations predict that the Q band energy will be nearly constant 
for structures with between 0.3 and 1.0 Å of ruffling, after which the Q band undergoes a 
red-shift with increased out-of-plane distortion. As previously suggested by Shelnutt,4 the 
red-shift at large ruffling deformation arises from disruption of π bonding within the por-
phyrin ring resulting in a decreased energy gap between the filled porphyrin a1u/a2u orbitals 
and the unoccupied eg* orbitals. In contrast, the response of the Soret band energy to por-
phyrin ruffling is non-linear. The Soret band energy blue-shifts with increased ruffling up 
to 1.0 Å, and then red-shifts with larger degrees of ruffling up to at least 2.3 Å. The blue-
shift of the Soret band at small ruffling perturbations arises from stabilization of the por-
phyrin a2u orbital from reduced symmetry-allowed mixing with the Fe 3dxy orbital, and the 
spectral red-shift corresponds to the range of ruffling where metallocycle torsion over-
whelms metal/porphyrin mixing (Figure 3.7). In addition to the Q and Soret band trends 
described here, TDDFT predicts clear relationships between ruffling and the energies of 
two ligand-to-metal charge transfer bands, which could potentially be detected by near-
infrared MCD spectroscopy.39 The TDDFT results presented here represent the most com-
prehensive model of the relationship between porphyrin ruffling and the optical spectra of 
ferric heme available to date. 
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3.4. DISCUSSION 
3.4.1. Measurement of Porphyrin Ruffling Using UV/Vis Abs Spectroscopy. 
The data presented in this article will enable heme researchers to use UV/Vis Abs spectros-
copy to identify porphyrin ruffling changes arising from point mutations instead of more 
laborious experimental techniques. The development of this tool is important because pre-
vious research has shown that there are clear correlations between ruffling and heme pro-
tein function.2 Currently, the best tools to measure heme ruffling are X-ray crystallography 
in conjunction with normal-coordinate structural decomposition analysis,1 vibrational co-
herence spectroscopy,41 or NMR spectroscopy.6 The clear advantages of UV/Vis Abs spec-
troscopy over these other techniques are ease of: equipment access, sample preparation, 
and data analysis. The first step for UV/Vis Abs-based analysis of ruffling changes is to 
analyze difference in the Q band wavelength. If the Q band wavelength changes, the cya-
nide, imidazole-ligated ferric heme species with the longer wavelength Q band is more 
ruffled and the magnitude of the distortion is greater than 1.0 Å (Figure 3.8). If the Q band 
wavelength does not change, the next step is to analyze the Soret band wavelength. If the 
Soret band wavelength changes, the species with the longer wavelength Soret band is less 
ruffled and the magnitude of the distortion is less than 1.0 Å. If neither the Q nor Soret 
band wavelength changes, then the degree of porphyrin ruffling has not been significantly 
perturbed. It is important to point out that the correlation between UV/Vis Abs data and 
porphyrin ruffling arises from ruffling-induced perturbations to the heme electronic struc-
ture, which means that the approach outlined above is only quantitatively accurate for cy-
anide, imidazole-ligated ferric heme. Furthermore, the electrostatic potential of a protein 
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active site perturbs cofactor and substrate electronic structure, which means that this 
UV/Vis Abs-based approach will be most effective when applied to variants of the same 
heme-binding protein. Nevertheless, the general trend, a Soret band blue-shift at small ruf-
fling distortions and a Soret band red-shift at large ruffling distortions, should be observed 
for all low-spin, d5 metal porphyrins, such as Fe(III) porphyrin and Mn(II) porphyrin. For 
the same fundamental reason, it is not surprising that quite different trends are observed 
for d6 porphryins such as Fe(II) porphyrin or d8 porphyrins such as Ni(II) porphyrin.3-5 
The utility of the procedure outlined above for determining ferric heme ruffling changes 
from UV/Vis Abs data can be readily demonstrated by analyzing the spectral data for WT, 
W66F, and W66A MhuD–heme–CN. The Q band is observed at 18,100 cm-1 in all three 
species (Figure 3.4), which means that it is necessary to compare the Soret band energies. 
Since the Soret band red-shifts from WT to W66F to W66A MhuD–heme–CN, it can be 
concluded that the degree of heme ruffling decreases from WT to W66F to W66A MhuD–
heme–CN (Figure 3.8). Furthermore, the magnitude of porphyrin ruffling in W66F and 
W66A MhuD–heme–CN is less than 1.0 Å. It is important to point out that these conclu-
sions are consistent with the NMR and MCD data presented in this work. The 1H NMR 
spectra of W66F and W66A MhuD–heme–CN have lost the upfield hyperfine-shifted res-
onances previously observed for WT enzyme (Figure 3.3),9 and the type of nesting ob-
served in the VTVH MCD saturation magnetization curves of the variant proteins is oppo-
site that previously observed for WT protein (Figure 3.6). Based upon the DFT results 
presented here, both the NMR and MCD data strongly suggest that the degree of porphyrin 
ruffling in W66F and W66A MhuD–heme–CN is less than 1.3 Å. Thus, Abs, NMR, and 
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MCD data all indicate that heme ruffling decreases from WT to W66F to W66A MhuD–
heme–CN, and the degree of porphyrin ruffling in both variants is less than 1.0 Å. 
 
 
Figure 3.9. PBE/TZVP (top) calculations predict that the meso carbon spin density signif-
icantly increases with increased heme ruffling, in accord with available 1H NMR and 
VTVH MCD data. In contrast, the PBE0/TZVP (bottom) spin densities are inconsistent 
with experiment. 
3.4.2. Influence of Ruffling on the Spin Density of Low-Spin Ferric Heme. The 
spectroscopically-validated DFT model of cyanide, imidazole-ligated ferric heme pre-
sented here provides an important opportunity for a detailed examination of the relationship 
between heme ruffling and porphyrin spin density. From a functional standpoint, spin den-
sity is an important indicator of the nucleophilicity or electrophilicity of each carbon of the 
porphyrin ring arising from partial electron transfer between the iron and porphyrin.16 Ac-
cording to the PBE DFT calculations presented here, the spin density on the porphyrin 
meso carbons steadily increases with increasing degree of ruffling (Figure 3.9). This cor-
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relation between ruffling and meso carbon spin density is observed because increased ruf-
fling results in increased mixing of the Fe 3dxy- and porphyrin a2u-based orbitals, which 
increases the contribution of the dxy/a2u antibonding combination to the SOMO. This pre-
diction from PBE DFT calculations is strongly supported by both the 1H NMR data for 
MhuD–heme–CN presented here (Figure 3.3), and 1H NMR data previously reported for 
other cyanide-inhibited heme oxygenases.7-9, 34-36 Decreased heme ruffling in W66F and 
W66A MhuD–heme–CN results in less spin density delocalization onto the meso carbons, 
less spin polarization onto the meso protons, and a loss of far upfield hyperfine-shifted 1H 
resonances. The PBE DFT-predicted correlation between ruffling and meso carbon spin 
density is also supported by the VTVH MCD data. For ruffling distortions greater than 1.3 
Å, mixing of the Fe 3dxy and porphyrin a2u orbitals pushes the Fe 3dxy-based molecular 
orbital higher in energy than the Fe 3dxz- and 3dyz-based molecular orbitals. The change in 
ground state from 2Eg to 2B2g with increased ruffling is supported by the decreased slope of 
the 2 K VTVH MCD saturation magnetization curve in WT MhuD–heme–CN as compared 
to W66F and W66A MhuD–heme–CN (Figure 3.6). In contrast, the PBE0 DFT models of 
cyanide, imidazole-ligated ferric heme are wholly inconsistent with available 1H NMR and 
VTVH MCD data, highlighting the critical importance of using “pure” generalized gradient 
approximation DFT to model low-spin ferric heme. In summary, PBE and PBE0 DFT cal-
culations indicate that meso carbon electrophilicity increases with increased ruffling, and 
hybrid DFT is a poor model for low-spin ferric heme electronic structure. 
3.4.3. Implications for MhuD-catalyzed heme degradation. The data presented 
here is consistent with at least two mechanisms for the first heme oxygenation catalyzed 
84 
 
by MhuD, and future identification of catalytic intermediates will help differentiate be-
tween the two possibilities. Two perpendicular meso carbons are oxygenated in myco-
bilin,19 and currently it remains unclear which oxygenation reaction occurs first (Figure 
3.10). Initial oxygenation of the α-meso carbon would be consistent with the bridged tran-
sition state mechanism that has been proposed for IsdG and IsdI.42, 43 There is a clear struc-
tural driving force for this mechanism in MhuD since steric interactions between Trp66 
and porphyrin push the α-meso carbon closest to the distal ligand of all four meso carbons 
(PDB ID 4NL5),9 and decreased ruffling in the W66F and W66A variants both increases 
this distance and lowers the enzymatic rate (Figure 3.2). In addition, there is an electronic 
driving force for formation of an Fe–O–O–C bridge since ruffling increases the spin density 
on and, thus, electrophilicity of the α-meso carbon (Figure 3.9). Finally, there may be a 
dynamic contribution to this mechanism since heme ruffling vibrations have frequencies 
of less than 100 cm-1,1, 41, 44 and this motion would alter both the α-meso carbon/distal 
ligand distance and the α-meso carbon spin density. Considering the favorable structural, 
electronic, and dynamic factors, a bridged transition state mechanism must be considered 
the most likely if future work identifies an α-mesohydroxyheme intermediate of MhuD-
catalyzed heme degradation. 
Alternatively, if a β- or δ-mesohydroxyheme intermediate of MhuD-catalyzed 
heme degradation is identified, a different mechanism must be considered. The bridged 
transition state mechanism is not a reasonable pathway to β- or δ-mesohydroxyheme since 
the ruffling distortion observed in the X-ray crystal structure of MhuD–heme–CN pulls 
these two meso carbons away from the distal ligand (PDB ID 4NL5).9 This means that a 
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reasonable mechanism for β- or δ-meso oxygenation by MhuD must be electronically 
driven. One possibility is heterolytic cleavage of the O–O bond in a putative ferric–hydrop-
eroxo intermediate followed by regioselective attack of the β- or δ-meso carbon by the 
resulting hydroxide anion, analogous to a mechanism recently proposed for a heme oxy-
genase model system.45 This mechanism would be consistent with the mass spectra of my-
cobilins prepared in the presence of 18O2 and/or H218O,19 where two of the mycobilin ox-
ygens are derived from 18O2 and one from H218O. However, in order for a heterolytic O–O 
cleavage mechanism to be regioselective, heme structural perturbations induced by the 
MhuD active site must selectively impart significant radical or electrophilic character on 
the β- or δ-meso carbons. Indeed, the DFT 
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Figure 3.10. There are multiple potential reaction pathways through α-, β-, and δ-mesohy-
droxyheme enroute to formation of the two isomers of mycobilin by MhuD. 
calculations presented here indicate that the ruffling deformation increases spin density on 
the porphyrin meso carbons (Figure 9), and the presence of one far upfield hyperfine-
shifted resonance in the 1H NMR spectrum of MhuD–heme–CN suggests that the spin den-
sity is primarily associated with one meso carbon (Figure 3). Thus, if either a β- or δ-
mesohydroxyheme intermediate of MhuD-catalyzed heme degradation is identified, a thor-
ough spectroscopic and computational characterization of MhuD compound I is warranted 
because the reaction is likely to proceed through a heterolytic O–O bond cleavage mecha-
nism. 
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3.5. CONCLUSIONS 
In summary, a detailed spectroscopic and computational characterization of W66F 
and W66A MhuD–heme–CN is presented. For the first time, an accurate, comprehensive 
theoretical model of the influence of porphyrin ruffling on the UV/Vis Abs spectrum of 
low-spin ferric heme has been developed. This TDDFT model reveals that small ruffling 
distortions induce a blue-shift of the Soret band due to iron/porphyrin orbital mixing, and 
larger ruffling distortions induce a Soret band red-shift due to disruption of the porphyrin 
π-system. Furthermore, the data presented in this manuscript strongly supports two distinct 
mechanisms of MhuD-catalyzed heme oxygenation, which can be differentiated in the fu-
ture by identifying the mesohydroxyheme intermediate of MhuD. 
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CHAPTER 4: DYNAMIC RUFFLING DISTORTION OF THE HEME 
SUBSTRATE IN NON-CANONICAL HEME OXYGENASE ENZYMES 
 
 
 
 
 
 
 
 
 
Material from this dissertation has been published in the following form: 
Graves, A. B., Horak, E. H., and Liptak, M. D. (2016) Dynamic ruffling distortion of 
the heme substrate in non-canonical heme oxygenase enzymes, Dalton Trans. 45, 
10058-10067. 
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4.1 INTRODUCTION 
Non-canonical heme oxygenases (HOs) are a recently discovered class of 
enzymes that catalyse novel heme- and oxygen-dependent reactions.1 These enzymes 
do not follow the paradigm established for canonical HOs where heme is converted to 
non-heme iron, biliverdin, and carbon monoxide via meso-hydroxyheme and 
verdoheme intermediates.2 Instead, Mycobacterium tuberculosis MhuD transforms 
heme to non-heme iron and mycobilin,3 while Staphylococcus aureus IsdG and IsdI 
degrade heme to non-heme iron, staphylobilin, and formaldehyde.4, 5 Recent reports 
strongly suggest that the first oxygenation reaction catalysed by MhuD6 and IsdG7 is 
the conversion of ferric–peroxoheme to meso-hydroxyheme, which is similar to the first 
oxygenation reaction catalysed by canonical HOs.8 However, based upon the active site 
structures, the mechanism of this reaction in canonical and non-canonical HOs must be 
different. In canonical HOs, an ordered network of water molecules is thought to guide 
a transient hydroxyl radical to the α-meso carbon of heme,9-11 but this ordered network 
of active site water molecules is absent in all available X-ray crystal structures of 
MhuD,12, 13 IsdG,4, 14, 15 or IsdI.4, 14-16 Several different research groups have suggested 
that the novel reactivity of ferric–peroxoheme in non-canonical HOs is derived from 
the unique electronic structure of the heme substrate when bound by MhuD,13 IsdG,17 
or IsdI.18 
  The ground state electron configurations of cyanide-inhibited MhuD (MhuD–
heme–CN),13 IsdG (IsdG–heme–CN),17 and IsdI (IsdI–heme–CN)18 are distinct from 
those of cyanide-inhibited canonical HOs (HO–heme–CN),19-21 and population of this 
unique electronic state has been correlated with heme degradation activity.16, 22 HO–
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heme–CN has the (dxy)2(dxz,dyz)3 ground state electron configuration that is typical for 
low-spin ferric heme,19-21 which will be referred to as a 2Eg state for the remainder of 
the article. In contrast, 1H nuclear magnetic resonance (NMR) characterization of IsdI–
heme–CN revealed that this species has a (dxz,dyz)4(dxy)1 ground state electron 
configuration that will be termed 2B2g.
18 The observation of a 2B2g state was exciting 
because previous work with model complexes had indicated that the 2B2g state has a 
strong electronic driving force for conversion of ferric–peroxoheme to meso-
hydroxyheme, namely, large spin density on the meso carbons of the porphyrin ligand.23 
This possible explanation for the mechanism of the ferric–peroxoheme to meso-
hydroxyheme reaction catalysed by non-canonical HOs was brought into question by 
the observation of “nested” variable-temperature, variable-field (VTVH) magnetic 
circular dichroism (MCD) saturation magnetization saturation curves for MhuD–heme–
CN (Fig. 4.1)13 and IsdG–heme–CN.17 These data clearly indicate that more than one S 
= ½ state is populated at cryogenic temperatures, but how a single active site could have 
two or more degenerate electronic states has remained an open question without 
precedent. Since decreased ruffling of MhuD–heme–CN and IsdI–heme–CN has been 
shown to favour population of a 2Eg state, we hypothesize that the near degeneracy of 
the 2Eg and 
2B2g states in non-canonical HOs is related to the severe ruffling distortion 
of the porphyrin macrocycle observed in all available X-ray crystal structures of non-
canonical HOs.4, 12-16 
  Ruffling is a type of out-of-plane deformation of heme that has been associated 
with electronic and functional changes. Specifically, ruffling has been defined as a 
distortion along the lowest energy b1u normal mode of a porphyrin idealized D4h 
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 resulting in alternating clockwise and counter-clockwise rotation of the pyrrole rings 
about their Fe–N bonds.24 The frequency of this vibrational mode is <100 cm-1,25 which 
means that it is important to consider both the average distortion of heme along this 
normal mode and the dynamic motion implied by its vibrational frequency. A large 
average ruffling distortion of heme can be observed by X-ray crystallography in 
functionally-related classes of heme proteins,26 and this distortion has been correlated 
to an electronic ground state change from 2Eg to 
2B2g in MhuD–heme–CN22 and IsdI–
heme–CN.16 It is important to note that large average ruffling deformations of heme 
have also been observed in model complexes where the driving force for ruffling cannot 
be steric interactions within a protein active site and must be electronic in origin.27 Most 
likely, the electronic driving force for this ruffling deformation in model complexes is 
stabilization of a doubly-occupied orbital (porphyrin a2u) at the expense of destabilizing 
a singly-occupied orbital (Fe 3dxy) resulting in an overall decrease of the electronic 
energy. In contrast, the electronic and functional implications of a dynamic ruffling 
motion of heme are less understood and will be the focus of this article. 
 
Figure 4.1. VTVH MCD saturation magnetization curves for WT MhuD–heme–CN 
acquired at 2 (solid black line), 5 (dashed violet line), and 10 K (dotted green line).13 
The curves are “nested”, which indicates that more than one electronic state is 
populated. 
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  This article reports the NMR and MCD spectroscopic characterization of F23A 
MhuD–heme–CN, F23W MhuD–heme–CN, and WT IsdI–heme–CN in addition to the 
development of a spectroscopically-validated ab initio model of the thermally-
accessible electronic structure of cyanide-inhibited ferric heme. The average 
polypeptide and substrate structures of the MhuD variants were assessed using circular 
dichroism (CD) and UV/Vis absorption (Abs) spectroscopies,22 respectively. 1H 
nuclear magnetic resonance (NMR), MCD, and VTVH MCD were used to investigate 
the thermally-accessible electronic structures. The complete active space self-
consistent field (CASSCF) method was employed to model static correlation between 
the thermally-accessible electronic states of cyanide-inhibited ferric heme,28 and N-
electron valence state perturbation theory (NEVPT2) was used to treat dynamic electron 
correlation.29-31 We discuss the implications of the electronic structure model 
developed here for MhuD-, IsdG-, and IsdI-catalysed heme degradation. 
4.2 EXPERIMENTAL 
Unless otherwise noted, all materials used in this work were purchased from Fisher 
Scientific and used without further purification. 
  Protein Expression and Purification. The cloning of WT MhuD into pET-22b 
(Ampr, Novagen) and S219V tobacco etch virus (TEV) protease into pRK793 (Ampr), 
has been previously described.12, 32 The F23A and F23W variants were prepared 
using the QuikChange Lightning site-directed mutagenesis kit. The DNA primers used 
for mutagenesis were purchased from the Midland Certified Reagent Company 
(Tables C1-C2). The pET-15b plasmid (Ampr, Novagen) encoding WT IsdI was 
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a gift from Eric Skaar (Vanderbilt University). DNA sequencing performed by 
the University of Vermont Cancer Center DNA Analysis facility confirmed the 
introduction of the F23A and F23W mutations into the pET-22b plasmid (Tables 
C3-C4), and retention of the WT IsdI gene in the pET-15b plasmid (Table C5). 
Prior to expression and purification, plasmids encoding F23A MhuD, F23W 
MhuD, and WT IsdI were transformed into BL21-GOLD(DE3) cells 
(Stratagene). 
 WT MhuD was expressed and purified as previously reported.13 F23A and 
F23W MhuD were expressed as previously reported for WT enzyme. F23A and 
F23W cell pellets were lysed via sonication in 50 mM Tris pH 7.4, 50 mM NaCl, 
followed by centrifugation at 15,000 x g for 60 min at 4 °C. The filtered 
supernatant was loaded onto a HisPur Ni-NTA column (Pierce) equilibrated with 
50 mM Tris pH 7.4, 50 mM NaCl. Following washes with: 50 mM Tris pH 7.4, 
50 mM NaCl, 25 mM imidazole; 50 mM Tris pH 7.4, 50 mM NaCl, 50 mM 
imidazole; 50 mM Tris pH 7.4, 50 mM NaCl, 75 mM imidazole; and 50 mM Tris 
pH 7.4, 50 mM NaCl, 100 mM imidazole, F23A and F23W MhuD were eluted 
with 50 mM Tris pH 7.4, 50 mM NaCl, 400 mM imidazole. Using this procedure, 
F23A and F23W MhuD were obtained in >95 % purity as determined by SDS-
PAGE gel electrophoresis (Figs. C1-C2). 
   IsdI was expressed as previously reported.33 WT IsdI cell pellets were 
resuspended in 50 mM Tris pH 7.4, 150 mM NaCl, 100 μM 
phenylmethanesulfonyl fluoride (Pierce) with 10 units DNase1 (Pierce). Cells 
were lysed enzymatically by incubation with 1 mg/mL lysozyme for 1 h at 37 
98 
 
°C, followed by centrifugation at 15,000 x g for 1 h at 4 °C. The filtered 
supernatant was loaded onto a HisPur Ni-NTA column equilibrated with 50 mM 
Tris pH 7.4. Following washes with 50 mM Tris pH 7.4, 10 mM imidazole and 
50 mM Tris pH 7.4, 150 mM NaCl, 50 mM imidazole; His6-tagged IsdI was 
eluted with 50 mM Tris pH 7.4, 300 mM NaCl, 250 mM imidazole. The purified, 
His6-tagged IsdI was dialyzed twice against 50 mM Tris pH 7.4 at 4 °C. Using 
this procedure, His6-tagged IsdI was obtained with >99 % purity as determined 
by SDS-PAGE gel electrophoresis (Fig. C3). 
  S219V TEV protease was expressed and purified as described previously.17 
S219V TEV protease was added to His6-tagged IsdI in an OD280 ratio of 1:10 
along with sufficient dithiothreitol and ethyldiaminetetraacetic acid to reach final 
concentrations of 1 mM and 0.5 mM, respectively.34 The mixture was incubated 
overnight at 4 °C, and then dialyzed twice against 50 mM Tris pH 7.4 at 4 °C. 
The dialyzed mixture was loaded onto a HisPur Ni-NTA column equilibrated 
with 50 mM Tris pH 7.4. Untagged IsdI was eluted with 50 mM Tris pH 7.4, and 
the eluate was re-loaded onto the Ni-NTA column and re-eluted two additional 
times. Using this procedure, untagged IsdI was obtained with >95 % purity as 
determined by SDS-PAGE gel electrophoresis (Fig. C4). 
  Spectroscopic Characterization. WT MhuD–heme–CN, F23A MhuD–
heme–CN, F23W MhuD–heme–CN, and WT IsdI–heme–CN were prepared as 
previously described for WT MhuD–heme–CN.13 The extinction coefficients for 
the Soret bands of F23A MhuD–heme–CN, F23W MhuD–heme–CN, and WT 
IsdI–heme–CN were determined using the pyridine hemochrome assay 
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according to the procedure reported for WT MhuD–heme–CN.13, 35 Room 
temperature Abs spectra were acquired for MhuD–heme–CN and IsdI–heme–CN 
samples in 50 mM Tris pH 7.4, 50 mM NaCl on a Cary 100 Bio 
spectrophotometer with a scan rate of 600 nm/min, a bandwidth of 2 nm, an 
averaging time of 0.1 s, and a data interval of 1 nm as described previously for 
W66F and W66A MhuD–heme–CN.22 1H NMR spectra of F23A and F23W 
MhuD–heme–CN samples in 20 mM sodium phosphate (NaPi) pH 7.4 were 
acquired at 25 °C using a Super-WEFT pulse sequence with a 50 ms τ-delay as 
previously described for WT MhuD–heme–CN.36, 37 
  A sample of F23W MhuD–heme–CN in 50 mM potassium phosphate (KPi) 
pH 7.4, 50 mM NaCl, 60 % (v/v) glycerol for cryogenic temperature MCD 
spectroscopic characterization was prepared as described previously for WT 
MhuD–heme–CN.13 An F23A MhuD–heme–CN sample for MCD spectroscopy 
was prepared by adding enough sucrose to a sample of F23A MhuD–heme–CN 
in 50 mM KPi pH 7.4, 50 mM NaCl to form a saturated sucrose solution. The 
resulting mixture was incubated at 4 °C for 12 h, and then the supernatant was 
loaded into an oxygen-free copper/quartz sample cell and flash frozen in liquid 
nitrogen. A sample of WT IsdI–heme–CN in 50 mM KPi pH 7.4, 60 % (v/v) 
glycerol for MCD data collection was prepared as described previously for WT 
IsdG–heme–CN.17 5 K MCD spectra, as well as VTVH MCD saturation 
magnetization curves, were acquired on an MCD setup consisting of a Jasco J-
815 spectropolarimeter and an Oxford SM4000-8T Spectromag controlled by a 
Mercury iTC temperature controller and a Mercury iPS power supply. Spectral 
data was acquired with a scanning speed of 200 nm/min, a bandwidth of 1 nm, a digital 
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integration time of 0.2 s, and a data pitch of 0.5 nm. VTVH MCD saturation 
magnetization curves were measured at 2, 5, and 10 K for the 423 nm, 426 nm, and 437 
nm peaks of F23A MhuD–heme–CN, F23W MhuD–heme–CN, and WT IsdI–heme–
CN, respectively, using a magnetic field ramp rate of 0.7 T/min, a bandwidth of 1 nm, 
a digital integration time of 0.25 s, and a data pitch of 0.5 s. For all MCD data presented 
in this work, the natural CD contribution was removed from the MCD spectrum by 
subtracting the negative field data from the positive field data and dividing by 2. 
  CASSCF Calculations. The generation of 36 structural models for cyanide-
inhibited, His-ligated ferric heme with varying degrees of porphyrin ruffling using the 
PBE density functional and the TZVP basis set has been described previously (Fig. 
C5).22, 38, 39 Quasi-restricted orbital (QRO) analyses of the ground state electronic 
structures,40 and time-dependent DFT (TDDFT) predictions of the excited state 
electronic structures, have also been described previously.  
  For all 36 models, CASSCF calculations were performed using the TZVP basis 
set and tight SCF convergence criteria as implemented within the ORCA 3.0.0 software 
package on the 380 node IBM Bluemoon cluster maintained by the Vermont Advanced 
Computing Core.28, 39, 41 A state-averaged CASSCF calculation was employed to 
predict the three lowest-energy doublet states of a CAS(9,8) active space constructed 
from a PBE/TZVP QRO initial guess.22 The RIJCOSX method,42 in conjunction with 
the TZV/J and TZV/C auxiliary basis sets,43, 44 was used to speed up calculation of the 
Coulomb and exchange terms, and the RI-MO algorithm was used to complete the 
CASSCF integral transformations. Finally, the NEVPT2 method was employed to 
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predict the influence of dynamic electron correlation on the CASSCF state energies 
using a multi-reference perturbation theory approach.29-31 
  Following CASSCF convergence, all active space orbitals were plotted in 
gOpenMol using isodensity values of ±0.03 a.u. to assess whether the active orbitals 
were similar to the initial guess.45, 46 In all cases, the active space consisted of the Fe 
3dxy, 3dxz, 3dyz, and 3dx²-y² orbitals, in addition to the porphyrin 3a2u, 1a1u, and 4eg* 
orbitals. Also, in all cases, the CASSCF orbital occupations for each active space orbital 
ranged from 0.06 to 1.94 electrons. For structural models where a 
(a2u)
2(a1u)
2(dxz)
2(dyz)
2(dxy)
1 electron configuration represented over 50% of the multi-
configurational wavefunction for one state, this state was labelled 2B2g and the other 
two states were labelled 2Eg. In all other cases, two states had 25-50% contributions 
from a (a2u)
2(a1u)
2(dxz)
2(dyz)
2(dxy)
1 configuration, and these two states were labelled 2B2g 
+ 2Eg, while the third state was labelled 
2Eg. 
4.3 RESULTS 
Spectroscopic Characterization. The degree of porphyrin ruffling in F23A and F23W 
MhuD–heme–CN was assessed using UV/Vis Abs spectroscopy. This approach was 
unnecessary for WT MhuD–heme–CN and IsdI–heme–CN since X-ray 
crystallography,13, 18 and normal-coordinate structural decomposition analysis,24 have 
demonstrated that the heme substrate has 1.4 Å and 2.3 Å of ruffling in these species, 
respectively. Previous research has established that ruffling distortions of up to 1.0 Å 
have no influence on the Q band energy, but trigger a blue-shift of the Soret band for 
cyanide-inhibited ferric heme.22 Beyond 1.0 Å, further ruffling red-shifts both the Q 
102 
 
and Soret bands. The F23A substitution blue-shifts both the Q and Soret bands of 
MhuD–heme–CN from 18,100 cm-1 to 18,500 cm-1, and 23,900 cm-1 to 24,000 cm-1, 
respectively (Figure 4.2). In contrast, the F23W substitution has no influence on the 
energy of the Soret band, and induces a slight red-shift of the Q band. When interpreted 
within the theoretical framework described above, the Abs data strongly suggests that 
the F23A substitution significantly alters electrostatic interactions between heme and 
the MhuD active site, while the spectral changes observed for F23W MhuD–heme–CN 
indicate a slight increase in porphyrin ruffling compared to WT enzyme. In order to 
ascertain whether these Abs spectral changes arose from polypeptide structural changes 
or relatively small perturbations of the active site structure, UV CD spectra were 
collected and analysed for samples of F23A and F23W MhuD–heme–CN (Figure C6 
and Table C6). The data strongly suggests that the F23A or F23W substitutions do not 
trigger a significant change of the protein fold, meaning that the Abs spectral changes 
observed here can be attributed to small geometric rearrangements in the enzyme active 
site. Following Abs spectroscopic characterization, 1H NMR spectroscopy was 
 
Figure 4.2. Abs spectra of WT (solid black),13 F23A (dotted blue), and F23W (dashed 
red) MhuD–heme–CN in 50mM Tris pH 7.4, 50 mM NaCl. The F23A substituation 
significantly alters the MhuD active site, while the F23W substitution increases 
porphyrin ruffling. 
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employed to investigate the influence of the F23A and F23W substitutions on the 
MhuD–heme–CN ground state electronic structure.  
 
Figure 4.3. 1H NMR spectra of WT (panel A),13 F23A (panel B), and F23W (panel C) 
MhuD–heme–CN in 20 mM NaPi pH 7.4, 50 mM NaCl recorded using a Super-WEFT 
pulse sequence. These data are consistent with a 2B2g electronic ground state for WT 
and F23W MhuD–heme–CN, and a 2Eg ground state for the F23A variant.
 
  1H NMR spectroscopic characterizations of the F23A and F23W variants indicate 
that these amino acid substitutions significantly alter the thermally-accessible 
electronic structure of MhuD–heme–CN. Previous studies strongly suggest that the 2Eg 
state of cyanide-inhibited heme oxygenases is associated with downfield hyperfine-
shifted 1H resonances,16, 19-22 and 2B2g states are associated with upfield hyperfine-
shifted resonances.13, 18 Partially based upon these correlations, it has previously been 
concluded that both WT MhuD–heme–CN and WT IsdI–heme–CN have 2B2g electronic 
ground states, and the 2Eg excited state is thermally-accessible in WT MhuD–heme–
CN. Compared to the 1H NMR spectrum of WT MhuD–heme–CN, all upfield 
hyperfine-shifted resonances are lost in the spectrum of the F23A variant, while the 
downfield hyperfine-shifted resonances are retained (Figure 4.3). On the other hand, in 
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F23W MhuD–heme–CN, the upfield hyperfine-shifted resonances are retained and the 
downfield resonances observed beyond +16 ppm in WT enzyme are lost. These 
observations strongly suggest that F23A MhuD–heme–CN has a 2Eg electronic ground 
state and F23W MhuD–heme–CN has a 2B2g ground state, although it is impossible to 
rule out the possibility that critical 1H resonances are unobserved due to exchange 
broadening. Due to these ambiguities inherent to the 1H NMR spectrum of ferric heme, 
the electronic structures of F23A and F23W MhuD–heme–CN were further 
investigated using cryogenic temperature MCD spectroscopy. 
  Previous work by our group has demonstrated that cryogenic temperature MCD 
spectroscopy provides more insight into the electronic structure of heme oxygenases 
than 1H NMR spectroscopy or room temperature MCD spectroscopy.13, 17, 22 Previous 
5 K MCD characterization of WT, W66F, and W66A MhuD–heme–CN has also 
identified a positively-signed feature at 20,000 cm-1 whose intensity increases with 
increasing 2Eg population. This 20,000 cm
-1 band is present in the 5 K MCD spectrum 
of F23A MhuD–heme–CN, but not in that of F23W MhuD–heme–CN, consistent with 
a 2Eg ground state for F23A MhuD–heme–CN and a 2B2g ground state for F23W MhuD–
heme–CN (Fig. 4.4A). Previous research has also demonstrated that there is a 
correlation between the MhuD–heme–CN electronic ground state and the 5 K MCD 
intensity of the Soret band. At 5 K, F23A MhuD–heme–CN exhibits a more intense 
MCD Soret band than WT enzyme, and F23W has a much less intense feature. This is 
consistent with 2Eg ground state for F23A MhuD–heme–CN and a 2B2g ground state for 
F23W MhuD–heme–CN because 2Eg states have a source of C-term MCD intensity that 
is unavailable to a 2B2g state, namely, spin-orbit coupling between the two orbital 
components of the 2Eg state.
47, 48 Considering the advantages of cryogenic temperature  
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MCD spectroscopy compared to 1H NMR or room temperature MCD spectroscopy, 
cryogenic temperature MCD spectra of IsdI–heme–CN were collected in order to 
acquire data for a highly ruffled, crystallographically-characterized, heme oxygenase. 
  Somewhat surprisingly, the 5 K MCD spectrum of IsdI–heme–CN suggests that 
at least two electronic states are populated, despite the fact that no evidence for 2Eg 
population was observed in a previous 1H NMR and room temperature MCD 
characterization of the species.18 Although the room termperature MCD spectra of WT 
MhuD–heme–CN and IsdI–heme–CN are quite similar,13 the 5 K MCD spectra are 
significantly different demonstrating the enhanced sensitivity of cryogenic temperature 
MCD spectroscopy (Fig. 4.4B). These spectral differences can best be explained by the 
possibility that 5 K MCD spectroscopy can detect the electrostatic differences between 
the active site pockets of MhuD and IsdI. In support of this possibility, the 5 K MCD 
 
Figure 4.4. 5 K, 7 T MCD spectra of WT MhuD–heme–CN (solid black, panel A),13 
F23A MhuD–heme–CN (dotted blue, panel A), F23W MhuD–heme–CN (dashed 
red, panel A), and WT IsdI–heme–CN (solid black, panel B). The MhuD–heme–CN 
data are consistent with 2Eg and 
2B2g ground states for the F23A and F23W variants, 
respectively, while the data for IsdI–heme–CN suggests that more than one 
electronic state may be populated. 
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spectra of IsdI–heme–CN is very similar to that of IsdG–heme–CN,17 which has a 
nearly identical active site structure.14 Notably, the Soret band zero-crossing point in 
the IsdI–heme–CN MCD spectrum is blue-shifted by 300 cm-1 from 24,100 cm-1 to 
23,800 cm-1 upon cooling the sample from room temperature to 5 K. The observation 
of a temperature-dependent Soret band energy in IsdI–heme–CN, which was previously 
observed for MhuD–heme–CN and attributed to the population of more than one 
electronic state, and the similarity of the IsdI–heme–CN 5 K MCD spectrum to that of 
IsdG–heme–CN, which has multiple thermally-accessible states, argues for the 
possibility that more than one electronic state may be populated in IsdI–heme–CN as 
well. Since VTVH MCD spectroscopy has proven to provide the most conclusive 
evidence for the population of more than one S = ½ state in heme oxygenases, VTVH 
MCD data was acquired for F23A and F23W MhuD–heme–CN, as well as WT IsdI–
heme–CN. 
 
 
Figure 4.5. VTVH MCD saturation magnetization curves for F23A MhuD–heme–
CN (panel A), F23W MhuD–heme–CN (panel B), and WT IsdI–heme–CN (panel C)     
acquired at 2, 5, and 10 K.  
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  VTVH MCD saturation magnetization curves were collected for the negatively-
signed component of the F23A MhuD–heme–CN, F23W MhuD–heme–CN, and WT 
IsdI–heme–CN Soret bands because this band is known to be xy-polarized,49 which 
means that the slope of saturation magnetization curve primarily depends upon the 
magnitude of gz.
50 The 2 K, 5 K, and 10 K saturation magnetization curves for F23A 
MhuD–heme–CN overlay (Fig. 4.5A), suggesting that only one electronic state is 
populated in this variant. There is slight nesting of the VTVH saturation magnetization 
curves for F23W MhuD–heme–CN (Fig. 4.5B), which may suggest that F23W MhuD–
heme–CN has a 2B2g ground state and a thermally-accessible 2Eg excited state. The WT 
IsdI–heme–CN VTVH MCD saturation magnetization curves are significantly 
“nested”, and their initial slope increases with increasing temperature (Fig. 4.5C). These 
data strongly suggest that the electronic ground state of IsdI–heme–CN is 2B2g, as 
previously concluded based upon 1H NMR data,18 and a 2Eg state is thermally-
accessible, as is the case for WT MhuD–heme–CN.13 With spectroscopic data now 
available for cyanide-inhibited ferric heme species whose porphyrin macrocycles are 
more ruffled than in WT MhuD–heme–CN, we turned our attention toward 
development of a multi-configuational computational model for cyanide-inhibited 
ferric heme. 
 
108 
 
  Computational Analysis. Based upon the excellent agreement between PBE 
TDDFT-predicted porphyrin-based π→π* transition energies for cyanide-inhibited 
ferric heme and experimental Abs spectra,22 the ability of PBE TDDFT to accurately 
model the thermally-accessible electronic structure of cyanide-inhibited ferric heme 
was tested. It is important to point out that, as a consequence of its formulation, PBE 
DFT includes an approximated treatment of dynamic electron correlation, but ignores 
static correlation arising from ground state near degeneracy in low-spin ferric heme.38 
In accordance with available 1H NMR data for cyanide-inhibited HO and IsdI–heme–
CN, PBE DFT correctly predicts a 2Eg electronic ground state for the least ruffled model 
of cyanide-inhibited ferric heme, and a 2B2g ground state for the most ruffled model 
(Fig. 4.6A).18-21 However, at all degrees of ruffling, the predicted energy difference 
between the 2Eg and 
2B2g states is too large to account for the observation of multiple  
 
Figure 4.6. 2Eg (blue circles), 
2B2g (red squares), and multi-configurational (violet 
triangles) state energies as a function of porphyrin ruffling, as predicted by TDDFT 
(panel A), CASSCF (panel B), and NEVPT2 (panel C) calculations. NEVPT2 
predicts that a double well exists along the ruffling coordinate of the potential 
energy surface (panel D). 
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thermally-accessible electronic states in the VTVH MCD saturation magnetization 
curves of MhuD–heme–CN and IsdI–heme–CN.13 Furthermore, the noticeable 
discontinuities at 1.0 Å arise from rotation of the axial His from an orientation along an 
Npyr–Fe–Npyr axis in less ruffled heme to an orientation along a Cmeso–Fe–Cmeso axis in 
more ruffled heme consistent with adoption of an orientation that minimizes repulsion 
between the filled His π- and Fe 3d-based molecular orbitals of a (dxy)2(dxz,dyz)3 electron 
configuration below 1.0 Å and a (dyz,dxz)
4(dxy)
1 configuration above 1.0 Å. This raises 
the question as to whether the ruffling-induced electronic ground state change occurs 
at 1.9 Å as indicated by Löwdin orbital occupations or 1.0 Å as suggested by the 
molecular structure. Considering the clear shortcomings of PBE TDDFT with respect 
to the thermally-accessible electronic structure, CASSCF calculations were performed 
to incorporate static correlation. 
  The CASSCF method incorporates static electron correlation by describing the 
electronic states as linear combinations of multiple electronic configurations.28 A 
CAS(9,8) active space was employed because all eight active orbitals had occupations 
 
 
Figure 4.7. Active space orbitals for the CASSCF and NEVPT2 described here. 
All active space orbitals had occupations of between 0.06 and 1.94 electrons.  
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between 0.06 and 1.94 electrons (Fig. 4.7), and inclusion of the next closest energy set 
of orbitals, Fe 3dz² and porphyrin 2b1u*, resulted in orbital occupations of less than 0.01 
electrons. As was the case for DFT, the CASSCF-predicted electronic ground states for 
the least and most ruffled models are consistent with experimental data (Fig. 6B).18-21 
However, unlike DFT, CASSCF predicts multi-configurational ground states for 
cyanide-inhibited ferric heme models with between 0.9 and 1.5 Å of porphyrin ruffling. 
Compared to TDDFT, the CASSCF-predicted energy difference between the 2Eg and 
2B2g states is an order of magnitude smaller, consistent with thermal population of 
electronic excited states in MhuD–heme–CN and IsdI–heme–CN.13 But, upon closer 
inspection, the energy difference between the states is predicted to increase with 
increased porphyrin ruffling, which is not consistent with the relative “nesting” 
behaviours of the VTVH MCD saturation magnetization curves for MhuD–heme–CN 
and IsdI–heme–CN. Since the remaining discrepancies between experiment and theory 
could be due to neglect of dynamic electron correlation by CASSCF, the NEVPT2 
method was employed to model the effects of both static and dynamic electron 
correlation. 
  The NEVPT2 model is the most consistent with available experimental data of 
all the computational models tested here. NEVPT2 incorporates static electron 
correlation using an initial CASSCF step, and dynamic electron correlation with a 
second multi-reference perturbation theory step that is similar to the more popular 
CASPT2 method.29-31, 51 As was the case for DFT and CASSCF, the NEVPT2-predicted 
electronic ground states for the least and most ruffled cyanide-inhibited ferric heme 
models are consistent with experiment (Fig. 4.6C).18-21  Unlike TDDFT or CASSCF, 
the NEVPT2-predicted energy difference between the 2Eg and 
2B2g electronic states is 
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relatively large for small ruffling deformations and small for large ruffling 
deformations. This is significantly more consistent with the VTVH MCD data for 
MhuD–heme–CN and IsdI–heme–CN than the energy differences predicted by TDDFT 
or CASSCF.13 A notable feature of the NEVPT2-predicted ground state potential 
energy surface of cyanide-inhibited ferric heme is the double-well along the ruffling 
coordinate (Fig. 4.6D), which arises from an avoided crossing of the 2Eg and 
2B2g 
electronic states at 1.0 Å of ruffling. Overall, the NEVPT2 model provides the most 
accurate, comprehensive electronic structure model of cyanide-inhibited ferric heme 
reported to date. 
4.5 DISCUSSION 
 
Figure 4.8. The potential energy surface along the heme ruffling coordinate is 
broad and relatively flat in MhuD, IsdG, and IsdI.  The native enzyme active sites 
are proposed to minimize the barrier between the two conformations (panel A), 
and second-sphere substitutions can stabilize either the less ruffled 2Eg 
conformation (panel B) or the more ruffled 2B2g conformation (panel C). 
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Structural Implications of the Double-Well Potential. The NEVPT2-
predicted double-well potential on the ruffling coordinate of cyanide-inhibited ferric 
heme implies that two stable conformations of heme are available to heme oxygenases. 
The less ruffled conformation has an average ruffling distortion of 0.5 Å and a 2Eg 
electronic ground state, while the more ruffled conformation has an average distortion 
of 1.6 Å and a 2B2g ground state (Fig. 4.6).
22, 24 The two conformations are separated by 
a 1.2 kcal/mol barrier, meaning that conformational exchange is facile, especially at 
physiologically-relevant temperatures. While the NEVPT2 model described here was 
developed for protein-free cyanide- and imidazole-ligated ferric heme due to the diverse 
library of spectroscopic data available, the findings are relevant for all forms of low-
spin ferric heme. Altering the axial ligands will tune the Fe 3d orbital energies 
Table 4.1. Ruffling Distortions and Axial His Orientations 
Structure Rufflinga His Angleb 
MhuD–diheme (A)c 0.7 Å -24° 
MhuD–diheme (B)c 0.7 Å -26° 
MhuD–heme–CN (A)d 1.3 Å -10° 
MhuD–heme–CN (B) d 1.4 Å -10° 
W66Y IsdI–heme–CN (A) e 1.9 Å +10° 
W66Y IsdI–heme–CN (B) e 1.5 Å +24° 
ab1u out-of-plane distortion as determined by normal-coordinate structural 
decomposition,12, 37 bHis(Cε)–His(Nε)–Fe–C(α-meso) angle phase-shifted to 
between -45° and +45°, cPDB ID 3HX9,20 dPDB ID 4NL5,6 ePDB ID 4FNI.11 
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perturbing the minimum energy structures and relative energies of the 2Eg and 
2B2g 
conformations, but there will still be two conformations and the more ruffled 
conformation will still have a 2B2g electronic ground state. To a lesser extent, second-
sphere interactions between protein active sites and heme will also influence the 
average structures of and the relative energies of the two conformations. Nevertheless, 
this model was developed for cyanide-inhibited ferric heme and it is most appropriate 
to discuss how it explains a range of structural observations in the literature for MhuD–
heme–CN and IsdI–heme–CN.  
The X-ray crystal structures of diheme-bound (MhuD–diheme, PDB ID 3HX9),12 
MhuD–heme–CN (PDB ID 4NL5),13 and W66Y IsdI–heme–CN (PDB ID 4FNI)16 are 
consistent with the presence of two heme conformations when examined within the 
framework of the NEVPT2 potential energy surface. The solvent-exposed heme in the 
X-ray crystal structure of MhuD–diheme has 0.7 Å of ruffling, but 1.3 and 1.4 Å ruffled 
hemes were observed in the X-ray crystal structure of MhuD–heme–CN (Table 4.1).22, 
24 Evidence for the existence of two heme conformations can also be seen in the dimeric 
crystal structure of W66Y IsdI–heme–CN, where one polypeptide chain binds a heme 
with 1.9 Å of ruffling and the other with 1.5 Å of ruffling. Experimental support for the 
correlation between ruffling and His orientation, which has been noted previously,52 is 
also present in the MhuD–diheme, MhuD–heme–CN, and W66Y IsdI–heme–CN 
structures. The ruffling conformational change from MhuD–diheme to MhuD–heme–
CN is accompanied by rotation of the axial His from an orientation mostly along the 
Npyr–Fe–Npyr axis to one more closely aligned with the Cmeso–Fe–Cmeso axis. The same 
pattern follows for W66Y IsdI–heme–CN, where the His bound to the less ruffled heme 
is oriented closer to the Npyr–Fe–Npyr axis and the His bound to the more ruffled heme 
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is oriented along the Cmeso–Fe–Cmeso axis. As may be expected, the double-well 
potential energy surface has even more dramatic electronic implications for MhuD–
heme–CN and IsdI–heme–CN. 
Electronic Implications of the Double-Well Potential. The NEVPT2-
predicted double-well potential for cyanide-inhibited ferric heme can explain all of the 
VTVH MCD data acquired for MhuD–heme–CN, cyanide-inhibited IsdG (IsdG–
heme–CN), and IsdI–heme–CN to date. At cryogenic temperatures, thermal 
equilibrium is established between the less ruffled 2Eg conformation and the more 
ruffled 2B2g conformation, which are only separated by 0.7 kcal/mol in the absence of 
perturbations from the the enzyme active site or solvent (Fig. 4.8). In WT MhuD–
heme–CN, there exists a 2B2g ground state, with a shallow saturation magnetization 
curve, and a 2Eg excited state, with a steep saturation magnetization curve, which is 
populated by a variety of mechanisms, including: conformational exchange, thermal 
excitation, and spin-orbit coupling (Fig. 4.1).13  The VTVH MCD data for W66F, 
W66A, and F23W MhuD–heme–CN strongly suggest that second-sphere substitutions 
can perturb this potential energy surface by stabilizing either the 2Eg conformation, for 
W66F and W66A MhuD–heme–CN, or the 2B2g conformation, for F23W MhuD–
heme–CN, since the saturation magnetization curves are less “nested” than those 
observed for WT enzyme (Figure 4.5).22 The F23A MhuD–heme–CN Abs and VTVH 
MCD data demonstrate that it is possible to completely collapse the double-well 
potential into a single-well by significantly altering electrostatic interactions between 
heme and the enzyme active site. On the other hand, IsdG–heme–CN and IsdI–heme–
CN have the most “nested” VTVH MCD saturation magnetization curves measured to 
date for cyanide-inhibited ferric heme,17 suggesting that these enzyme active sites may 
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have evolved to maximally flatten the potential energy surface along the ruffling 
coordinate of the heme substrate. In addition to providing a satisfactory explanation for 
all of the VTVH MCD data acquired at cryogenic temperatures, the double-well 
potential also explains the 1H NMR data acquired at physiologically-relevant 
temperatures. 
The 1H NMR data reported for MhuD–heme–CN, IsdI–heme–CN, and hydroxide-
bound IsdI (IsdI–heme–OH) can be readily understood within the framework of the 
NEVPT2-predicted double-well potential. At physiologically-relevant temperatures, 
the rate of exchange between the less ruffled 2Eg conformation and the more ruffled 
2B2g conformation will be fast on the NMR time-scale meaning that exchange 
broadened resonances will be observed at population-weighted average chemical shifts 
(Fig. 4.8). The 1H NMR spectrum of WT MhuD–heme–CN has exchange broadened 
1H resonances consistent with population of both 2B2g  and 
2Eg states at 37 °C, and the 
temperature-dependence of the chemical shifts is consistent with thermal population of 
the 2Eg excited state.
13 In IsdI–heme–CN, the enzyme active site strongly favours 
population of a 2B2g state, but exchange broadening is still evident in the 
1H NMR 
spectrum.18 Based upon 1H NMR data, it is apparent that the W66F, W66A, and F23W 
variants of MhuD, and the W66F and W66Y variants of IsdI, can perturb the ruffling 
potential energy surface of cyanide-inhibited ferric heme in a way that favours one 
conformation over the other, but in all cases exchange broadening is still detected (Fig. 
4.3).16, 22 It is also important to point out that 1H NMR evidence exists for exchange 
broadening in IsdI–heme–OH, indicating that the dynamic exchange between the two 
ruffled conformations with different electronic ground states is not limited to cyanide-
inhibited ferric heme. Thus, all available spectroscopic data strongly suggest that there 
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is significant dynamic motion of the heme substrate and its axial His ligand between 
the idealized 2Eg and 
2B2g conformations in the active sites of MhuD, IsdG, and IsdI. 
Functional Implications of the Double-Well Potential. The dynamic ruffling 
motion of the heme substrate predicted by NEVPT2 calculations, and supported by 
spectroscopic data, has important implications for the heme degrading reactions 
catalysed by MhuD, IsdG, and IsdI. The dynamic motion means that the heme substrate 
will regularly and frequently achieve ruffling distortions that are significantly larger or 
smaller than those observed in X-ray crystal structures. The enhanced, instantaneous 
ruffling distortion will further favour the proposed bridged transition state mechanism 
for the first oxygenation step by bringing the meso carbons closer to a distal 
hydroperoxo ligand.17, 53 Also, it is important to realize that the structural dynamics will 
be coupled to electron dynamics where electron density will shuttle between the Fe 3d 
orbitals and the porphyrin 3a2u orbital as a consequence of the differences between the 
2Eg and 
2B2g electronic structures. Instantaneous structures with small ruffling 
distortions will favour Fe(III) → Fe(II) reduction since ruffling has been predicted to 
lower the reduction potential of heme.54 Instantaneous structures with large ruffling 
distortions will favour nucleophilic attack of the meso carbons by depleting electron 
density in the porphyrin 3a2u orbital.
22, 23 We propose here that the MhuD, IsdG, and 
IsdI active sites have evolved to maximize the ruffling dynamics of heme in order to 
catalyse the successive oxygenations of heme to mycobilin and staphylobilin by distinct 
mechanistic steps.3, 4 
4.5. CONCLUSIONS In summary, an accurate computational model of the 
thermally-accessible electronic structure of cyanide-inhibited ferric heme has been 
117 
 
developed, and has a double-well potential along the out-of-plane ruffling coordinate 
of the porphyrin macrocycle. Development of an accurate model required a CASSCF 
treatment of static electron correlation and a NEVPT2 treatment of dynamic electron 
correlation. The NEVPT2-predicted double-well potential explains the unusual 
“nesting” of the VTVH MCD saturation magnetization curves for MhuD–heme–CN, 
IsdG–heme–CN, and IsdI–heme–CN. In addition, the small energy barrier between the 
two conformations explains the exchange broadened 1H NMR resonances observed for 
MhuD and IsdI. Ultimately, these data imply that the heme substrate of MhuD, IsdG, 
and IsdI is dynamic, with both the degree of porphyrin ruffling and electron density 
distribution evolving over time. 
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CHAPTER 5: PHE23 OF MHUD IS CRITICAL FOR MYCOBILIN FORMATION BY 
THE MHUD HEME DEGRADTION REACTION. 
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5.1. INTRODUCTION 
Heme degrading enzymes, or heme oxygenase (HO) enzymes are known to bind 
and degrade heme to maintain iron homeostasis in canonical systems or to acquire iron for 
metabolic usage by several bacteria.1-5  MhuD is a heme degrading enzyme part of the iron 
acquisition pathway in Mycobacterium tuberculosis, and is known to degrade heme by a 
mechanism unique from either canonical HOs or Staphylococcus aureus IsdG and IsdI.6 
While canonical HOs release carbon monoxide and biliverdin along with iron; IsdG/IsdI 
release staphylobilins, formaldehyde, and iron; and MhuD releases mycobilins and iron.1, 
6-8 While all known HOs feature a Histidine ligation as the 5th iron ligand along with the 
porphyrin,9-11 changes to the non-bonding amino acids in the second coordination sphere 
enable the different reactivity in HO enzymes.12   
Canonical HOs host a planar heme with a conserved water network that connects 
the distal ligand in the active site to nearby polar amino acids. The network aids in the 
homolytic cleavage of OOH in compound 0, and regiospecific attack of the α-meso 
carbon.9, 13, 14 In contrast, both MhuD and IsdG/I host ruffled heme substrates and no 
conserved water network. MhuD is less ruffled than IsdG/I and the heme is rotated 90˚ in 
the active site. Among non-canonical HO residues, there are several conserved residues 
including Phe23.  
In MhuD, Phe23 has been previously shown to influence the structure of heme 
bound in the active site. Increasing the size of residue 23 to Trp increased heme ruffling, 
and decreasing the size of the residue to an Ala impacted the structure of the active site. 
The electronic structure of cyanide-inhibited, heme bound F23W MhuD (F23W MhuD–
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heme–CN) has been previously compared to cyanide-inhibited, heme-bound wild type 
MhuD (WT MhuD–heme–CN) using variable-temperature, variable-field (VTVH) 
magnetic circular dichroism (MCD).  WT MhuD–heme–CN has been shown to host 
“nested” saturation magnetization curves where the (dxz,yz)4(dxy)1 electron configuration is 
lower in energy but the (dxy)
2(dxz,yz)
3 electron configuration is so close in energy the 
curvature changes shape with increasing temperature.15  The (dxz,yz)
4(dxy)
1 electron 
configuration is the lowest energy configuration in F23W MhuD–heme–CN. However, the 
F23W MhuD–heme–CN VTVH curves are less “nested” suggesting the energy difference 
between the ground and excited states is increased.16  
 
Figure 5.1. The X-ray crystal structure of cyanide-inhibited, heme bound MhuD (PDB 
4NL5) with the heme shown in black ligated to His75 (green) and Phe23 is on the distal 
side of the heme (green) above the β-meso carbon.   
The effect of the Phe23 residue on heme degradation was not previously reported, 
but the proximity to the heme substrate and changes to the active site structure suggest the 
residue may influence heme degradation. The Phe23 residue in IsdG was mutated to an Ala 
and the reactivity was minimally affected as shown by UV/Vis absorption (Abs) 
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spectroscopy. Along with Abs monitored heme degradation, mass spectrometry has been 
shown to be a powerful method for studying the products of enzyme-mediated reactions.7, 
17, 18  Directly injecting reaction mixtures into the mass spectrometer allows the detection 
of products and intermediates with the possibility of collecting fragmentation data which 
can aid in identifying the product identities. Recently DuBois and coworkers were able to 
use mass spectrometry to monitor product formation by IsdG revealing the formation of an 
additional, unstable product, formyl-oxo-bilin, different from the known IsdG product, 
staphylobilin. The IsdG reaction also produced a 632 m/z species which may correspond 
to meso hydroxyheme, but tandem mass spectrometry data was unable to be collected for 
the species. The MhuD reaction has been shown to go through a meso hydroxyheme 
intermediate by binding synthetic β- or δ-meso hydroxyheme into the active site and the 
reaction produces mycobilins.19  
In this chapter, heme degradation by WT MhuD using ascorbate as the reductant 
was compared to heme degradation by F23W MhuD. The MhuD mediated heme 
degradation was monitored with Abs spectroscopy and the reaction products were analyzed 
with mass spectrometry. Mass spectra collected on both WT and F23W MhuD reactions 
after one hour of degradation show the F23W MhuD reaction contains more products. 
Longer heme degradation reactions for F23W MhuD were compared to the WT MhuD 
heme degradation reaction. The product analysis revealed a stabilization of the meso 
hydroxyheme intermediate in F23W MhuD suggesting a heme with a (dxy)
2(dxz,yz)
3 electron 
configuration may be required to convert meso hydroxyheme to mycobilins.  
5.2. METHODS  
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All materials used for this work were purchased from Fisher Scientific and were not further 
purified unless otherwise noted.  
Expression, purification, and heme binding. WT MhuD has been previously 
cloned into pET-22b (Ampr, Novagen) and the F23W and F23A mutations have been 
described elsewhere.11, 16 All three species were expressed and purified as reported 
earlier.15, 16  Purified protein was dialyzed into 50 mM Tris pH 7.4, 50 mM NaCl and 
subsequently incubated with a heme solution in 50 mM Tris pH 7.4, 50 mM NaCl in a 1:1 
molar ratio at 4 ˚C for 12 hours. The samples were then exchanged into 50 mM Tris pH 
7.4, 50 mM NaCl with a PD-10 column (GE Healthcare) to remove any unbound heme or 
protein. The molar extinction coefficients of heme-bound F23W MhuD (F23W MhuD–
heme) and heme-bound F23A MhuD (F23A MhuD–heme) were found to be 98 mM-1cm-1 
and 93 mM-1cm-1 by pyridine hemochrome assay.15, 20 The extinction coefficients are 
slightly higher than WT MhuD–heme determined to be 92 mM-1cm-1 by the same method.15 
For pH titrations MhuD–heme was exchanged into 50 mM NaCl and 50 mM sodium 
phosphate (NaPi) at varying pH values using a PD-10 column.   
Heme degradation assays. Heme degradation assays were monitored by Abs 
spectroscopy. The Abs spectrum of 10 μM MhuD–heme, 200 units catalase, and 1 mM 
ascorbate in 50 mM Tris pH 7.4, 50 mM NaCl at room temperature was measured every 
10 minutes for a total of 90 minutes between 800 and 300 nm with a Cary 100 Bio 
spectrophotometer with a scan rate of 600 nm/min, a bandwidth of 2 nm, an averaging time 
of 0.1 s, and a data interval of 1 nm. Heme degradation assays performed for product 
extraction and mass spectrometry included 25 μM MhuD–heme in 50 mM potassium 
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phosphate (KPi) buffer pH 6.0 incubated in the presence of 200 units catalase, 1 mM 
ethylenediaminetetraacetic acid (EDTA), and 25 mM ascorbate at 37 ˚C protected from 
light. Products were extracted from the reaction mixture with dichlormethane (DCM) and 
concentrated under vacuum while protected from light.6, 7  
Mass Spectrometry. Degradation products from WT and F23W MhuD reactions 
were identified with mass spectrometry using a 4000 Q Trap triple-quadrupole mass 
spectrometer (Applied Biosystems). All samples were analyzed by either direct injection 
with 50:50 water:acetonitrile (MeCN) or a gradient from 2% MeCN to 50% MeCN over 
40 minutes with a 1 mm C-18 column using a Shimadzu prominence ultrafast liquid 
chromatography system (Shimadzu). Heme chloride was ionized with positive-ion mode 
electrospray ionization and all other samples were ionized positive mode atmospheric-
pressure chemical ionization.  The fragmentation for MS2 used 42 or 50 eV collision energy 
for parent ions with the mass to charge ratios 611, 616, and 632 m/z. 
5.3. RESULTS 
Abs spectroscopy. To investigate the effects of Phe23 on the MhuD-catalyzed 
heme degradation reaction F23W MhuD–heme and F23A MhuD–heme were prepared 
analysed with Abs spectroscopy and compared to WT MhuD–heme.11  The Abs spectra of 
both F23W MhuD–heme and F23A MhuD–heme are unique from that of WT MhuD–heme 
(Figure 5.2).  The sharp Soret bands of F23W MhuD–heme and F23A MhuD-heme are 
both found at 24,300 cm-1, a lower energy than that of the broader WT MhuD–heme Soret 
band observed at 24,600 cm-1. The lower energy region of F23W MhuD–heme and F23A 
MhuD–heme reveal two well separated Q band components, α and β, at 17,800 and 18,700 
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cm-1 respectively, with the higher energy β-band being more intense than the α-band. In 
contrast, the low energy portion of the WT MhuD–heme Abs spectrum displays three broad 
peaks at 16,500, 17700, and 18,900 cm-1.  The origin of these bands is less clear, but may 
be the result of two Q band components and a high spin marker.  The differences between 
F23W MhuD–heme and WT MhuD–heme may be due to F23W MhuD hosting a ferrous 
heme as opposed to the ferric heme observed in WT MhuD–heme or different spin states 
between WT MhuD and the F23 variants.  
 
 Figure 5.2.  Abs spectra of F23W MhuD–heme (red dashed), F23A MhuD–heme (blue 
dotted) and WT MhuD–heme (black solid) collected at room temperature in 50 mM Tris 
pH 7.4, 50 mM NaCl.11 The spectra reveal sharper peaks in F23W MhuD–heme and F23A 
MhuD–heme compared to WT MhuD–heme. 
To investigate if F23W MhuD hosts ferrous heme instead of ferric, an oxidizing 
agent, potassium ferricyanide, and a reducing agent, sodium hydrosulfite, were introduced 
to the system. The addition of potassium ferricyanide caused an increase in the Soret 
intensity but no change in wavelength and no changes to the Q band region (Figure 5.3). 
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The Q band is most useful for identifying changes in oxidation state as potassium 
ferricyanide absorbs near 400 nm.  The addition of sodium hydrosulfite did cause a shift in 
both the Soret and Q band regions indicating F23W MhuD hosts a ferric heme (Figure 5.3). 
As F23W MhuD hosts a ferric heme, it is possible the differences between the Abs spectra 
of WT MhuD–heme and F23W MhuD–heme are due to differences in axial ligation.   
Figure 5.3. F23W MhuD–heme (black, solid line) with the addition of sodium hyrosulfite 
(green, dotted line) and the addition of potassium ferricyanide (purple, dashed line). The 
F23W MhuD–heme sample hosts all ferric heme. 
To investigate the identity of the distal ligand in WT MhuD, F23W MhuD, and 
F23A MhuD, a range of pHs can be monitored and the Abs spectra can be compared to 
proteins with known axial ligation. The available X-ray crystal structures of MhuD identify 
His75 as the proximal ligand, but do not provide insight into the distal ligation of the bound 
heme so spectroscopy needs to be used to investigate the possible ligands. Ferric hemes 
coordinated to His in enzymes have three possibilities for the sixth ligand: water, 
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hydroxide, or an empty coordination site. The location of the Soret and Q bands in the Abs 
spectrum plotted with respect to pH can provide insight to the axial ligand identity because 
hydroxide-bound heme will host a low spin Fe(III) and the other two options will host a 
high spin Fe.  At pH 7.4 the pattern and location of the bands in the F23W and F23A 
MhuD–heme Abs spectra more closely align with low-spin His–Fe(III)–OH while the WT 
MhuD–heme spectra more closely matches a high spin His–Fe(III)–H2O spectrum or a 5-
coordinate high spin species (Tables 5.1-5.2).21 The WT MhuD–heme may either have a 
water ligand or no ligand as the distal ligand. To see if the axial ligation can be changed 
between H2O and OH in any of the species, pH titrations were performed.   
The MhuD–heme pH titrations indicate a unique protonation event is happening 
which does not involve the distal ligand. A typical heme species will be water-bound at 
low pH values and then change over to hydroxide-bound at higher pH values, leading to a 
lower energy Soret at higher pH values.10 All three MhuD species display behavior 
different from what is expected. The Soret energy lowers with increasing pH until pH 
seven, where the Soret energy than increases until the protein unfolds at pH > 10 (Figure 
5.4).  A protonation event other than protonation of the distal ligand may be occurring in 
the active site, not aiding in the assignment of the distal ligand. Although the active sites 
of MhuD and IsdI are very similar, the Soret pH dependence is different between the two 
species with IsdI following the typical pH dependence from pH 6 to pH 10 (Figure 5.4). 
As the pH dependence of MhuD is most different above pH seven, it is likely a 
deprotonation event is occurring in the MhuD active site, possibly the proximal His ligand. 
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Table 5.1. Abs peaks of water and hydroxide bound versions of horseradish peroxidase 
and myoglobin.21 
 Horseradish 
peroxidase 
Myoglobin 
Fe(III)–OH 416 (88 mM-1cm-1) 414 (97.2 mM-1cm-1) 
 539 (8.6 mM-1cm-1) 542 (9.5 mM-1cm-1) 
 575 (6.9 mM-1cm-1) 582 (9.1 mM-1cm-1) 
Fe(III)–OH2 402 (91 mM-1cm-1) 409 (157 mM-1cm-1) 
  495 (10 mM-1cm-1) 505 (9.5 mM-1cm-1) 
 645 (2.8 mM-1cm-1) 635 (3.6 mM-1cm-1) 
Table 5.2. Abs peaks for WT,11 F23W, and F23A MhuD–heme.  
WT MhuD F23W MhuD F23A MhuD 
407 (92 mM-1cm-1) 412 (98 mM-1cm-1) 411 (92 mM-1cm-1) 
533 (8.2 mM-1cm-1) 535 (9.4 mM-1cm-1) 536 (7.2 mM-1cm-1) 
565 (7.6 mM-1cm-1) 563 (7.4 mM-1cm-1) 563 (5.9 mM-1cm-1) 
606 (4.8 mM-1cm-1)   
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Figure 5.4. Soret maximum pH dependence for WT MhuD–heme (black squares), F23W 
MhuD–heme (red circles), F23A MhuD–heme (blue triangles), and IsdI–heme (green 
diamonds).10 MhuD and IsdI have different protonation events occurring in the active site.  
Heme degradation and product extraction. Degradation assays were performed 
with F23W MhuD–heme, F23A MhuD–heme, and WT MhuD–heme under identical 
reaction conditions and show differences in heme degradation between all three species. 
The Abs spectrum of WT MhuD mediated heme degradation displays a shift in the Soret 
feature from 399 nm to longer wavelengths while decreasing in intensity, and the Q band 
region changes from three bands at 561, 529, and 608 nm to one primary band at 562 nm 
(Figure 5.5). This Abs degradation pattern matches the ascorbate induced heme 
degradation by WT MhuD previously published by Matsui and coworkers which begins 
with a Soret at 402 that shifts to longer wavelengths and decreases in intensity while the Q 
band forms a band at 560 nm before decreasing.19 The F23W MhuD mediated heme 
degradation proceeds via a Soret band decrease and shift from 412 nm to 408 nm while the 
Q band region begins as two bands at 536 and 563 nm, and turns into three bands at 530, 
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561, and 619 nm (Figure 5.5). F23A MhuD was completely inactive, showing no spectral 
change in the visible region. This is in contrast to previously reported data for IsdG which 
reports the F23A mutation in IsdG to have no effect on heme degradation.22 As the Abs 
monitored heme degradation is different between WT MhuD and F23W MhuD, both 
products were extracted from the reaction mixture to identify any changes between the 
reaction products.  
 
Figure 5.5. Abs monitored heme degradation by 10 μM WT MhuD–heme (top), 10 μM 
F23A MhuD–heme (bottom), and 10 μM F23W MhuD–heme in the presence of 1 mM 
ascorbate with 200 units catalase in 50 mM Tris pH 7.4, 50 mM NaCl.  The initial spectrum 
before the addition of ascorbate is shown as a black, solid line; the degradation monitored 
for 90 minutes is shown as grey, dotted lines; and the final spectrum recorded is shown as 
a red, solid line. The degradation process appears to be different between the three species. 
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Figure 5.6. Heme degradation products from WT MhuD (left) and F23W MhuD (right) 
extracted in DCM before further purification. 
Product extraction. To determine the difference between the WT and F23W 
MhuD heme degradation products, the products were extracted from the reaction mixture.6-
8 Following a 1 hour reaction, the WT MhuD heme degradation product was isolated from 
the protein following two different procedures. The first product extraction method washed 
the reaction mixture with DCM and the purple product was extracted into the organic layer 
(Figure 5.6). When the reaction was performed in 50 mM KPi pH 7.4, no color was 
observed in the organic layer. The solution containing product was concentrated under 
vacuum using a Schlenk line for further analysis. The second extraction method removed 
the buffer while concentrating the solution via filtration by centrifugation at 4000 xg using 
Ultracel centrifugal filters 10 KDa MW cut off spin filter (Millipore). The degraded heme 
was separated from the filter and protein mixture with the addition of 50:50 (v/v) water: 
MeCN with 0.1 % TFA which produced a slightly colored solution. When the heme 
degradation reaction was performed with F23W MhuD, the DCM extraction provided an 
organic layer was an orange color, different compared to the purple product from WT 
MhuD–heme (Figure 5.6).   The WT and F23W MhuD heme degradation products were 
investigated with mass spectrometry to identify the possible products in each reaction.  
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Figure 5.7. WT MhuD mass spectrum from the 18.12 min peak on liquid chromatography 
(LC), featuring one main peak at 611 m/z likely corresponding to mycobilin (top). The 
F23W MhuD mass spectrum from 18.12 min peak on LC, featuring two main peaks at 611 
m/z and 616 m/z likely corresponding to mycobilin and heme respectively with a few 
smaller peaks, one at 632 m/z which may be meso hydroxyheme. 
Mass spectrometry. The LC-MS analysis of the WT and F23W MhuD heme 
degradation reaction revealed multiple compounds in the F23W heme degradation reaction 
mixture not found in the WT MhuD reaction mixture. WT and F23W MhuD were allowed 
to degrade heme for one hour under typical conditions and subsequently analyzed with LC-
MS without being extracted from the protein.  During LC-MS, a peak of 611 m/z was found 
at 18.12 minutes for both samples, a weight corresponding to mycobilin (Figure 5.7). 
However, the WT MhuD mass spectrum contains only one major mass peak in the 
chromatogram while the F23W MhuD product contained several other peaks including, 
616 m/z and 632 m/z.  The 616 m/z may correspond to ungraded heme and 632 m/z to meso 
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hydroxyheme.  To fully assign the mass spectrum peaks, tandem mass spectrometry was 
performed.  
 
Figure 5.8. A. The structure of mycobilin-a with the MS2 data for the 611 m/z parent peak 
of both the WT MhuD reaction fragmentation (top) and the F23W MhuD reaction 
fragmentation (bottom). Some fragments are drawn on the mycobilin structure and labeled 
on the mass spectrum. The propionate group carbons are labeled. B. The formyl-oxo-bilin 
structure with the MS2 data for the 611 m/z peak again with WT MhuD reaction 
fragmentation (top) and the F23W MhuD reaction fragmentation (bottom). Important 
formyl-oxo-bilin fragments are labeled on the structure and mass spectrum (bottom).  
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The parent peak of 611 m/z for both the WT MhuD and F23W MhuD reactions 
were analyzed with MS2 and revealed fragmentation patterns corresponding to what could 
be expected for mycobilin (Figure 5.8 A). While all fragments found in the MS2 data for 
WT MhuD mycobilin are present in F23W mycobilin, the relative intensities between the 
two species are not the same. The main difference is WT MhuD mycobilin fragments more 
readily between the CAA and CBA carbons while F23W mycobilins fragment between the 
CBA and CGA (Figure 5.8 A).  The large number of fragments is likely due to the presence 
of two isomers for mycobilin-a and two isomers for mycobilin-b, where the formyl group 
is attached to either ring A or B of the cleaved heme.  If the β or δ oxygenation and formyl 
group are adjacent, a MW fragment of 164 m/z can be found. If the beta or delta 
oxygenation occurs opposite the formyl group, there will be a MW fragment of 148 m/z 
(Figure 5.8). Although mass spectrometry can identify where the formyl group is, it cannot 
distinguish between mycobilin-a and mycobilin-b.  
In addition to the fragments observed for mycobilin, there are 7 fragments (223, 
236, 251, 279, 430, 304, and 358) that do not match any possible fragments for mycobilin, 
but instead match the fragmentation reported for formyl-oxo-bilin.18 Formyl-oxo-bilin also 
has a weight of 611 m/z and involves the trans-oxidation from the initially oxidized meso 
carbon as opposed to the cis-oxidation observed in mycobilins (Figure 5.8 B). A third 
possibility would be to cleave the heme at the γ-position, also leaving the formaldehyde 
group attached as in mycobilin and formyl-oxo-bilin which would maintain a 611 m/z. 
However, the possible fragments produced when cleaving the ring at the γ-position do not 
match the observed mass spectrum fragmentation. The fragments observed in both WT and 
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F23W MhuD can be assigned to the isomers of mycobilin and formyl-oxo-bilin (Figure 
5.8), without regiochemistry assignments.  
 
Figure 5.9. MS2 data for the 616 m/z peak in F23W MhuD. The fragmentation pattern 
identifies the mass as heme. 
The 616 m/z in the F23W MhuD reaction is due to ungraded heme. MS2 data was 
collected on the 616 m/z peak in the F23W MhuD and the main fragments are the parent 
ion at 616 m/z, and two other peaks at 557 and 498 m/z. The fragmentation pattern is 
consistent with the expected fragments of heme, where the propionate groups are cleaved 
between the CAA and CBA carbons and the CAD and CBD carbons. Heme b was tested 
to compare the fragmentation pattern between the F23W MhuD 616 mass and the heme. 
The data reveals the same fragmentation for heme and the F23W parent peak at 616 m/z, 
confirming un-degraded heme remains in the F23W reaction mixture after 1 hour (Figure 
5.10).   
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Figure 5.10. The MS2 fragmentation of the F23W 611 m/z parent ion and heme chloride 
demonstration the retention of heme in the F23W MhuD heme degradation reaction.  
 The 632 mass corresponds to a weight matching meso hydroxyheme. Although the 
species had low intensity, the parent peak was able to be fragmented. The fragmentation 
pattern is similar to heme with the hydroxide group being cleaved as well as the propionate 
group at two positions (Figure 5.11). The data indicate a meso hydroxyheme species is 
present in the F23W MhuD–heme reaction but the isomer cannot be determined with mass 
spectrometry. To our knowledge this is the first fragmentation pattern reported for a meso 
hydroxyheme species. No evidence of a 632 m/z was found in the WT MhuD heme 
degradation reaction. The ability to detect meso hydroxyheme in the F23W MhuD reaction 
suggests the intermediate is stabilized in the F23W MhuD active site. The presence of 
multiple species in the F23W MhuD reaction is due to the reaction not going to competition 
or proceeding slowly.  
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Figure 5.11. MS2 data for the 632 m/z from the F23W MhuD reaction. The fragmentation 
pattern is consistent with meso hydroxyheme.  
 
Figure 5.12. Abs trace of DCM extracted heme degradation products from WT MhuD 
(black, solid), F23W MhuD after one hour of reaction time (red, dashed) and F23W MhuD 
after 4.5 hours of reaction time (blue, dotted).  
Time of reaction for F23W MhuD heme.  The relative amount of heme to 
mycobilin is affected by time in the F23W MhuD reaction. WT MhuD and F23W MhuD 
142 
 
were allowed to degrade heme for one hour and additionally F23W MhuD was used to 
perform a reaction for 4.5 hours. The products for all three reactions were extracted from 
the reaction mixture with DCM and subjected to Abs spectroscopy to monitor any changes 
between the attained products (Figure 5.12). The F23W MhuD reaction product from the 
one hour reaction has an absorption spectrum that resembles heme, retaining a Soret type 
band at 398 nm and a shoulder at 381 nm. In addition the lower energy region of the 
spectrum contains one wide band centered at 534 nm. The WT MhuD reaction product and 
the 4.5 hour F23W MhuD reaction product lose the dominant Soret feature suggesting the 
π system of the heme has been altered in both reactions. The lower energy region of these 
two reactions are very similar to one another, both with two bands at 517 and 571 nm. 
These data suggest that the F23W MhuD heme degradation reaction is slower than the WT 
MhuD heme degradation reaction.  
5.4. DISCUSSION  
The role of Phe23 in non-canonical heme degrading proteins. The ability to 
detect meso hydroxyheme in the F23W MhuD mediated heme degradation reaction 
suggests the meso hydroxyheme intermediate is stabilized in the variant. F23W MhuD–
heme–CN is proposed to host a heme which is more ruffled than WT MhuD–heme–CN.16 
It has previously been shown the F23W mutation stabilizes the 2B2g electronic state in 
MhuD and due to the decreased “nesting” observed in the VTVH MCD curves, the excited 
2Eg state was proposed to be more separated in energy than observed in WT MhuD.  The 
lack of an accessible 2Eg state in F23W MhuD combined with the activity data reported 
here suggests the 2Eg state is required to convert meso hydroxyheme to mycobilin at full 
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efficiency. In canonical HOs where only mostly planar heme substrates have been 
observed, it has been suggested meso hydroxyheme undergoes auto oxidation and quickly 
converts to verdoheme indicating the planar conformation readily reacts. Both planar and 
ruffled heme conformations are needed for MhuD activity.  
There are several possibilities for how Phe23 in MhuD stabilizes the 2B2g state. The 
Phe23 residue may aid in ruffling the heme substrate bound in the MhuD active site due to 
the proximity and alignment of Phe23 and the heme substrate observed in the X-ray crystal 
structure.16 Alternatively, Phe23 could interact with the distal ligand of MhuD. The close 
proximity of Phe23 to the cyanide ligand in the X-ray crystal structure of WT MhuD–
heme–CN suggests the Phe23 residue may push the cyanide ligand toward the δ-meso 
carbon. Altering the Fe bond lengths and angles has an effect on the heme electronic 
structure as with model organometallic complexes. If the Fe–distal bond length is increased 
and the bond is weakened, the spin density on the porphyrin may be increased. The Phe23 
residue could also help stabilize the active site structure allowing substrate binding. The 
F23A mutation in MhuD greatly altered the MhuD active site structure completely 
removing activity.  
 The MhuD mediated heme degradation reaction. The mass spectra collected in 
this study indicate the MhuD mediated heme degradation reaction goes through a meso 
hydroxyheme intermediate which subsequently leads to the formation of mycobilin and 
possibly formyl-oxo-bilin (Figure 5.8).  The F23W MhuD mediated heme degradation 
reaction revealed a mass spectrum with m/z = 632, matching the weight of meso 
hydroxyheme with a fragmentation pattern further suggesting formation of meso 
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hydroxyheme (Figure 5.11). This is the first direct experimental evidence of a meso 
hydroxyheme intermediate in MhuD without inserting synthetic meso hydroxyheme. It has 
previously shown that binding either β- or δ-meso-hydroxyheme into MhuD and incubating 
the reaction with hydrogen peroxide and molecular oxygen yields mycobilin-a and 
mycobilin-b respectively.19 As F23W MhuD maintains enough meso hydroxyheme to 
provide MS fragmentation data, the intermediate may be stable enough to collect 
spectroscopy data on the meso hydroxyheme intermediate.  
 Both WT MhuD and F23W MhuD mediated heme degradation reactions produced 
mycobilin with an m/z = 611, the known product of MhuD, however upon fragmentation 
of the 611 m/z an additional species, formyl-oxo-bilin was identified. Formyl-oxo-bilin was 
recently identified as a product in S. aureus IsdG.18 Both WT MhuD and F23W MhuD 
products contained every MS2 fragment reported for the IsdG formyl-oxo-bilin product. Of 
all formyl-oxo-bilin fragments, the 251 m/z is the only one which could possibly be 
assigned to mycobilin. There are no possible mycobilin fragments which could account for 
the other six fragment weights observed in formyl-oxo-bilin. Cleaving the ring at the γ-
meso carbon also does not produce any fragments which match the weights of the formyl-
oxo-bilin fragments previously identified. Additionally, there are no biological precursors 
for cleaving at the γ-meso carbon which is likely related to the propionate groups 
surrounding the γ-meso carbon. Together this indicates formyl-oxo-bilin is the species 
most likely to be responsible for the non-mycobilin fragments observed in the MS2 data.  
The difference between formyl-oxo-bilin and mycobilin is the site of porphyrin 
cleavage. Mycobilin is oxidized at either the β- or δ-meso carbon and the heme is cleaved 
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at the α-meso carbon, in contrast formyl-oxo-bilin is oxidized at either the β- or δ-meso 
carbon and the heme is then cleaved across from the site of oxidation (Figure 5.13). While 
MhuD has been shown to first have an Fe based oxidation of either the β- or δ-meso carbon, 
the second oxidation has been shown to be non-Fe based. For molecular oxygen to bind to 
the porphyrin without utilizing the iron, radical character must be on the porphyrin.  If 
excess spin density being placed on either the meso carbons or α-pyrrole carbons, radical 
character would be present at that site, allowing triplet oxygen to bind. Oxygen binding to 
either meso carbons or α-pyrrole carbons can lead to mycobilin formation with retention 
of the formaldehyde group (Figure 5.14). To identify which site is more likely, 
computational analysis of the possible intermediates may be necessary.  The identification 
of formyl-oxo-bilin in MhuD provides new insight into the electronic structure of meso-
hydroxyheme in the MhuD active site. More experiments will be done to confirm the 
presence of formyl-oxo-bilin in the MhuD reaction.  
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Figure 5.13. The MhuD reaction starting substrate and products are shown with 
corresponding m/z ratios in parenthesis. The meso carbons are labeled on the heme b 
structure.  
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Figure 5.14. The non-iron based oxidation can occur at either the α-pyrrole carbon 
(top) meso carbon (bottom) and both could cleave the ring leaving the formaldehyde group 
attached to the porphyrin ring.   
5.5. CONCLUSION  
The Phe23 residue is conserved within non-canonical heme degrading enzymes and 
plays a role in controlling the heme degradation by MhuD. F23W MhuD degrades heme 
slowly and stabilizes the meso hydroxyheme intermediate. The more ruffled heme 
observed in the F23W MhuD active site suggests a planar conformation may aid in 
converting meso hydroxyheme to mycobilin providing a mechanistic role for both planar 
and ruffled heme conformations in the MhuD reaction. The ability of Phe23 to interact with 
the active distal ligand may help align the distal ligand and also facilitate the initial 
oxidation. Additionally, product analysis by mass spectrometry identified both mycobilins 
and formyl-oxo-bilin as products in both the WT and F23W MhuD-catalyzed reactions. 
This indicates the second oxidation step can occur at multiple carbons. The biological 
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significance of any organic product in non-canonical heme degradation reactions has yet 
to be identified but the different products may serve different cellular roles.  
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CHAPTER 6: IDENTIFYING THE AXIAL LIGATION OF HEME IN MMPL3-E1 
AND MMPL11-E1 
 
 
 
 
 
 
 
 
 
 
 
 
Material from this dissertation chapter has been adapted from the following form: 
Owens, C. P., Chim, N., Graves, A. B., Harmston, C. A., Iniguez, A., Contreras, H., Liptak, 
M., and Goulding, C. W. (2013).  The Mycobacterium tuberculosis secreted protein 
Rv0203 transfers heme to membrane proteins MmpL3 and MmpL11, J. Biol. Chem. 288, 
21714-21728. 
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6.1 INTRODUCTION 
 The heme iron acquisition pathway in Mycobacterium tuberculosis currently has 4 
proposed members;Rv0203, MhuD, MmpL3, and MmpL11(Figure 6.1).1 Rv0203 is found 
extracellular and is thought to initially bind heme to in the host system,2 while MhuD 
degrades heme in the cytosol to release iron to the cell for metabolic use.3 Mycobacterium 
membrane protein large (MmpL) proteins are a class of mycobacterium proteins known to 
transfer molecules across membranes and have been found to affect heme uptake by M. 
tuberculosis.1 MmpL proteins are part of a large efflux transport transmembrane 
superfamily, resistance nodilution cell division (RND).4 This class of membrane proteins 
typically transport substrates with a proton driven pump and are multiple subunit 
complexes, allowing the pumps to transport substrates in and out of the periplasm as well 
as the cytosol.5 It has been proposed that MmpL3 and MmpL11 are involved in the heme 
uptake system for M. tuberculosis. 
 The role of MmpL3 and MmpL11 in the heme uptake pathway by M. tuberculosis 
has yet to be determined. The ability of MmpL3 and MmpL11 to bind heme along with 
possible ligation sites is currently unknown. Several heme transport proteins have been 
identified in heme acquisition pathways for both gram negative and gram positive bacteria 
and display two common ligations, His and Tyr.6 Heme has been shown to be 5-coordinate 
oxygen ligated from a Tyr in at least two heme transport proteins, ShuT from Shigella 
dysenteriae as well as in PhuT from Pseudomonas aeruginosa by X-ray crystallography.7  
Other 5-coordinate heme ligations include N His coordination as found in HemS of 
Yersinia enterocolitica.8 There have also been 6-coordinate hemes identified in heme 
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transport proteins including HasA of Serratia marcescens which utilizes a Tyr as well as a 
His ligand.9  
 
Figure 6.1. A, Proposed heme uptake mechanism in M. tuberculosis. B, topology of 
MmpL3, predicted with TMHMM,10 consists of 11 transmembrane helices and three 
soluble domains (E1, C1, and E2). A similar topology is also predicted for MmpL11. 
Both MmpL3 and MmpL11 contain multiple subunits common to RND type 
proteins, two extracellular domains, E1 and E2 and one intracellular domain, C1 (Figure 
6.1).  Both E1 and E2 were found to bind heme however C1 did not bind heme suggesting 
MmpL3 and MmpL11 transfer heme into the cytosol, but not back out. Due to the 
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difficulties associated with purifying membrane proteins, the E1 unit of MmpL3 (MmpL3-
E1) and MmpL11 (MmpL11-E1) were grown and purified. The crystallization of apo or 
holo MmpL3-E1 or MmpL11-E1 was unable to be accomplished, instead, magnetic and 
optical spectroscopies can be used to monitor the binding of heme to proteins due to the 
strong absorbance of heme and its sensitivity to the heme ligations and distortions imposed 
by the protein binding site.11, 12  A combination of electron paramagnetic resonance (EPR) 
and UV-Vis absorption (Abs), and magnetic circular dichroism (MCD) spectroscopies 
were used to identify possible heme binding amino acid residues in both MmpL3-E1 and 
MmpL11-E1.  
6.2 SUMMARY OF RELEVANT DATA ACQUIRED BY THE GOULDING LAB  
Both MmpL3-E1 and MmpL11-E1 were able to be purified and reconstituted with 
heme. Heme titration experiments coupled with pyridine hemochromogen and Lowry 
assays indicate heme is bound in a 1:1 molar ratio for both MmpL3-E1 and MmpL11-E1. 
Upon the binding of heme to monomeric MmpL3-E1 and MmpL11-E1, oligomerization is 
induced creating tetramers and pentramers as identified by gel filtration chromatography. 
The structural integrity of both proteins when oligermized was monitored with UV CD and 
reveled no spectral changes upon oligerimization in MmpL11-E1 and a decrease of 4 % 
alpha helical character in MmpL3-E1. To initially identify the possible axial ligations of 
heme in the proteins, Abs spectroscopy was utilized.  
Abs spectroscopy suggest multiple heme coordination possibilities for both 
MmpL3-E1 and MmpL11-E1. MmpL3-E1 displays a Soret band maximum at 388 nm with 
a lower energy shoulder near 410 nm, as well as a charge transfer band at 618 nm (Figure 
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6.2). The MmpL11-E1 spectrum also contains a Soret band shifted to 379 nm and a charge 
transfer band at 617 nm, but the Soret shoulder is absent (Figure 6.2). The Soret bands for 
both proteins are broad which indicate multiple heme species may be present. To further 
probe the possibility of multiple heme species, EPR spectroscopy was performed to 
compliment Abs spectroscopy, as EPR monitors the spin state of systems with unpaired 
electrons.  
 
 
Figure 6. 2 Absorption spectra of ferric MmpL3-E1 (blue line) and MmpL11-E1 (red line). 
The heme concentration in both spectra is 13 μM. 
X-band EPR data was collected on both heme bound MmpL3-E1 and MmpL11-E1 
in order to determine the spin state of the Fe. The EPR spectra for MmpL3-E1 and 
MmpL11-E1 are very similar to one another and indicate multiple spin states are present 
(Figure 6.3). There are at least two low spin populations with g values at 2.92, 2.26, and 
2.04. There is also a high spin species present with g values at 5.99 and 1.96. The spectra 
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were not fit to pull out the percentages of the low spin and high spin species. Other heme 
transport proteins including ChaN of Camphylobacter jejuni have been shown to host heme 
with a mixture of spin states.13 Although the EPR and UV/Vis data provide valuable 
information about the heme in MmpL3-E1 and MmpL11-E1 the identity of the amino acids 
ligating heme are unable to be determined with these methods alone. To better understand 
the active site, low temperature optical spectroscopies are used.  
 
Figure 6.3 EPR spectra of holo-MmpL3-E1 (1 mM heme) and holo-MmpL11-E1 (0.57 
mM heme) recorded at 4.5 K, a 9.39 GHz microwave frequency, a 0.02 milliwatt 
microwave power, a 10 G modulation amplitude, and a 100 kHz modulation frequency. 
The spectra indicate a similar heme environment between MmpL3-E1 and MmpL11-E1 
with a mix of spin states.  
6.3 EXPERIMENTAL 
Heme bound protein samples were provided by Celia Goulding (UC Irvine). MCD 
and low temperature UV/vis samples were prepared by exchanging fully reconstituted 
holoprotein samples into 50 mM potassium phosphate buffer, pH 7.4, with 150 mM NaCl. 
The solutions were concentrated in Amicon stirred cells (Millipore) and then combined in 
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a 60:40 (v/v) mixture of glycerol and protein solution. The samples were loaded into 
custom-built sample cells and flash-frozen. MCD spectra were recorded on a home-built 
MCD setup consisting of a Jasco J-815 CD spectrometer with an Oxford SM4000-8T 
Spectromag, controlled by a Mercury iTC temperature controller and a Mercury iPS power 
supply. Data were collected between 900 and 300 nm with a bandwidth of 1 nm, an 
integration time of 0.25 s, a data pitch of 0.5 nm, and a scan speed of 200 nm/min. 
Absorption spectra were acquired for both MmpL3-E1 and MmpL11-E1 at 20 K using the 
same samples and instrumental setup as described for MCD spectroscopy. 
6.4 RESULTS 
The low temperature Abs spectra indicate the high-spin species are stabilized at low 
temperatures but multiple heme species are still present. The low temperature Abs Soret 
for MmpL3-E1 is found at 391 nm and the Soret for MmpL11-E1 found at 386 nm, both 
are consistent with the presence of a high-spin heme species (Figure 6.4). The shoulder at 
410 nm in the room temperature Abs spectrum for MmpL3-E1is absent at 20 K suggesting 
a high-spin species is stabilized at low temperatures. The 20 K Soret bands are shifted from 
the room temperature Soret as are the lower energy bands now found at 611 nm for MmpL-
E1 and 620 nm for MmpL11-E1. The opposite shift in lower energy bands position between 
MmpL3-E1 and MmpL11-E1 indicate there are differences in heme environments between 
the two proteins. The full width half-maximum for the Soret bands of MmpL3-E1 and 
MmpL11-E1 are still broad at 5,850 and 5,400 cm-1 respectively, suggesting that multiple 
heme species are still present. The base line of the spectra are noisy due to imperfect glass 
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formation. To further investigate the coordination environment of heme in these samples, 
MCD spectroscopy was employed.  
 
Figure 6.4. 20 K Abs spectra of MmpL3-E1 (blue) and MmpL11-E1 (red). The 
spectra reveal similar binding environments to one another and stabilize a high spin 
species.  
Spectral signatures for multiple heme species can be observed in the MCD spectra 
of MmpL3-E1 and MmpL11-E1. The MCD spectra of holo MmpL3-E1 and MmpL11-E1 
at 5 K display very similar spectral features to one another (Figure 6.5), in agreement with 
the absorption spectra of the two proteins (Figures 6.2 and 6.4). The low energy portion of 
both MmpL3-E1 and MmpL11-E1 spectra feature a negative band followed by a broad 
positive feature at 637 then 595 nm and 641 then 595 nm respectively. The most intense 
feature in the MCD spectrum of both species is a derivative-shaped feature centered at 410 
nm, which corresponds to the shoulder observed in the absorption spectrum of MmpL3-
E1. The wavelength and intensity of this feature is consistent with the Soret band of a low-
spin heme species.14, 15 The negative portion of the Soret band for MmpL3-E1 is found at 
420 nm and is roughly twice the intensity of the Soret trough of MmpL11-E1 located at 
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418 nm. The change in intensity between species may be due to a larger fraction of low-
spin heme in MmpL3-E1, consistent with the room temperature Abs data. The positive 
portion of the Soret feature in MmpL3-E1 and MmpL11-E1 display 1 peak at 402 and 403 
nm respectively and then two shoulders at 391 and 366 nm in MmpL3-E1 and 389 and 366 
nm in MmpL11-E1 indicating multiple heme species are contributing to the overall Soret 
feature. The MCD and absorption data demonstrate that a mixture of low-spin and high-
spin heme is present in both MmpL3-E1 and MmpL11-E1, consistent with the EPR data 
(Figures 6.2-6.5). 
 
 
Figure 6.5. MCD spectra of MmpL3-E1 (blue line) and MmpL11-E1 (red line) recorded 
at 5 K and 7 tesla. The MmpL3-E1 spectrum is more intense suggesting more low-spin 
S=½ character. 
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6.5. DISCUSSION  
To identify the possible binding sites of heme in MmpL3-E1 and MmpL11-E1 the 
Abs spectra were compared to other known heme transport proteins and heme binding 
proteins (Table 6.1). Comparing the Abs data collected here to another heme transport 
protein, ChaN indicates that the heme coordination is different in MmpL3-E1 and 
MmpL11-E1 compared to ChaN as the Soret and CT bands are at different wavelengths.13  
A second heme transport protein, HmuT, does have a similar Abs spectrum to both MmpL 
proteins studied here.16 HmuT does bind two hemes per monomer, while all data in this 
study indicate heme binds in a 1:1 molar ratio in both MmpL3-E1 and MmpL11-E1. The 
coordination of the hemes in HmuT are two 5-coordinate heme with one heme ligated to 
His and the second heme ligated to Tyr. Although there is only one heme in MmpL3-E1 
and MmpL11-E1 the wavelength of the Soret is not necessarily affected by the number of 
hemes in the active site, but more so by the Fe coordination.3  Therefore the Abs data may 
be indicative of a five-coordinate, Tyr-ligated heme. This possibility is further supported 
by the similarity of the MmpL3-E1 and MmpL11-E1 absorption spectra to those of H25Y 
human heme oxygenase (hHO)17 and H93Y myoglobin (Mb, Table 6.1).18 Both of these 
proteins bind a single five-coordinate, Tyr-ligated heme. The MCD data provides 
additional insight into the heme environments. 
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Table 6.1. UV/vis absorption data for multiple heme proteins.  
Protein (Ref.) Soret, λmax Charge transfer, λmax 
 nm nm 
MmpL3-E1 (this work) 388 618 
MmpL11-E1 (this work) 379 621 
ChaN (13) 403 630 
HmuT (16) 375 620 (by visual inspection) 
H25Y hHO (17) 393 612 
H93Y Mb (18) 398 621 
 Due to the added spectral features in MCD spectra as compared to Abs spectra, the 
data can be compared to other heme proteins to assign possible heme ligations. Both the 
EPR and MCD spectral data indicate that a mixture of high- and low-spin heme states are 
present with 3 different heme species. Comparing the MCD spectra of MmpL3-E1 and 
MmpL11-E1 to other known species suggests that three heme species are present (Figure 
6.5): high-spin, nitrogen-ligated (His or Lys) heme; high-spin, oxygen-ligated (Tyr or Ser) 
heme; and low-spin, six-coordinate nitrogen/oxygen heme (Figure 6.6). The lowest energy 
feature in the MCD spectra of MmpL3-E1 and MmpL11-E1 is a negative band at 638 nm.  
This feature is similar to the ligand-to-metal charge transfer (LMCT) bands observed in 
ferric myoglobin (Mb) at pH 6.8 and cyclohexylamine-ligated H93G Mb, suggesting that 
one of the high-spin species present in MmpL3-E1 and MmpL11-E1 is a (His or Lys)-
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ligated heme.19,15 The wavelength and sign of the broad positive feature centered at 594 
nm is most similar to the positive LMCT bands in three oxygen-bound heme proteins: 
alkaline H93G Mb;18 H93Y Mb;18 and C436S CYP2B4.20 This suggests the presence of a 
second high-spin, (Tyr or Ser)-ligated heme.  Finally, the derivative-shaped feature in the 
MCD spectra of MmpL3-E1 and MmpL11-E1 is ten-times more intense than the peaks in 
the 500-600 nm region indicating that a six-coordinate, low-spin heme species is also 
present. The wavelength of this feature is similar to the Soret band of alkaline heme 
oxygenase,12 suggesting that the low-spin species present is likely to be six-coordinate, 
nitrogen/oxygen-ligated heme. On inspection of the sequence and predicted structural 
alignment of MmpL3-E1 and MmpL11-E1, there are two conserved Tyr and Ser residues, 
and several non-conserved His and Lys residues that may contribute to heme binding. Site 
directed mutagenesis coupled with Abs spectroscopy can be used in the future to identify 
which specific amino acid residues are involved in heme binding.  
 
Figure 6.6. Possible Fe coordination in MmpL3-E1 and MmpL11-E1 with high-spin Fe in 
blue and low-spin Fe in green.  
6.6. CONCLUSION 
 The E1 domains of MmpL3 and MmpL11 were shown to bind heme both from 
solution as well as accept heme from Rv0203. The heme binding environments were 
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investigated by Abs, EPR, and MCD spectroscopy and showed there are at least 3 unique 
heme coordination possibilities. The three proposed environments include a 5-coordinate 
oxygen ligated heme, a 5-coordinate nitrogen ligated heme, and a 6-coordinate nitrogen 
and oxygen ligated heme. The involvement of MmpL3 and MmpL11 in the M. tuberculosis 
pathway provide insight into heme acquisition providing additional potential drug targets.  
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 
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7.1 CONCLUSIONS MhuD hosts a heme with an unusual electronic structure 
where the low spin ferric iron has two states, both thermally accessible at cryogenic 
temperatures. The two possibilities for the electron configuration in low spin ferric iron 
are, (dxy)
2(dxz,yz)
3 and (dxz,yz)
4(dxy)
1, where the later has been implicated in electronically 
promoting heme degradation. The (dxz,yz)
4(dxy)
1 electron configuration can be assigned to 
the 2B2g state with D4h symmetry and is able to place spin density onto the meso carbons, 
possibly directing the regiospecific attack of the ferric–peroxo or ferric–hydroperoxo 
species. In some HO species, 1H NMR was able to indicate which electron configuration 
was present at ambient temperatures,1, 2 but for cyanide-inhibited, heme bound MhuD 
(MhuD–heme–CN)  the 1H NMR  was ambiguous as both possibilities were visible.3 
Variable-temperature, variable-field (VTVH) magnetic circular dichroism (MCD) 
produced “nested” saturation magnetization curves where the curves do not lie on top of 
one another but instead as the temperature increased the lines became steeper. This 
indicates two states are thermally accessible at cryogenic temperatures.4 The accessibility 
of two electronic states at cryogenic temperatures indicates the electronic states are very 
close in energy, which could help influence the reaction mechanism.  
N-electron valence state perturbation theory (NEVPT2) calculations predict a 
double well potential in energy along the heme ruffling coordinate, and are able to provide 
insight into the electronic structure of MhuD–heme–CN. NEVPT2 calculations were 
performed for a range of heme distortions and both ground and excited state energies were 
accurately portrayed based on the available spectroscopic data.  For lower distortions, the 
ground and excited state are well separated in energy, and the higher degrees of distortion 
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have ground and excited states close in energy. The ground state displays a double well 
potential where two states are stabilized along the ruffling coordinate. The planar and 
ruffled heme geometries are separated by a small energy barrier suggesting the heme could 
flex between ruffled and planar geometries. Thus, both planar and ruffled conformations 
are energetically accessible and may be contribute to the chemical mechanism. The role of 
both conformations was investigated further.  
Decreasing heme ruffling in MhuD leads to decreased activity, suggesting the 
formation of meso hydroxyheme is altered. Upon introducing the W66F and W66A 
mutations in MhuD, the heme degradation activity was decreased by an order of magnitude. 
A spectroscopic analysis concluded heme in both W66F and W66A MhuD was less ruffled 
than in WT MhuD. An electronic argument for the ruffled 2B2g state had been made for the 
formation of meso hydroxyheme where the meso carbons are preferentially hydroxylated 
due to spin density being placed onto the meso carbons.  Here the W66F and W66A MhuD 
mutation may stabilize the 2Eg state and planar conformation.  Applied to the double well 
model, the energy difference between the two states is larger, minimizing access to the 2B2g 
state and reducing activity.  
Stabilizing the 2B2g state leads to stabilization of meso hydroxyheme suggesting the 
planar conformation of heme is needed to promote conversion of meso hydroxyheme to 
mycobilin. The F23W MhuD variant was shown to host a ruffled, 2B2g state heme without 
a thermally accessible 2Eg state. Activity assays show the F23W MhuD mediated heme 
degradation is altered from WT MhuD as an additional peak grows in the mass 
spectrometry monitored degradation. MS2 analysis identified this peak as meso 
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hydroxyheme. The lack of conversion from meso hydroxyheme to mycobilin may be due 
to the lack of accessible 2Eg state. Taken together MhuD degrades heme in a way unique 
from any other known heme degrading enzyme where a flexible heme substrate capable of 
stabilizing two electronic states is needed to promote two different types of reactivity.  
7.2 FUTURE DIRECTIONS To determine if the F23W MhuD mediated heme 
degradation reaction gets stalled on the meso hydroxyheme state or if heme is fully 
converted to mycobilin but slowly, a time course mass spectrometry experiment will be 
performed on the reaction. The Abs monitored heme degradation reaction indicates F23W 
MhuD degrades heme slower than WT MhuD as the Abs spectrum of F23W MhuD heme 
shows products after 4.5 hours which match the WT MhuD heme degradation reaction 
products after 1 hour. To monitor the amount of heme and mycobilins during the reaction 
as a function as time mass spectrometry can be used. A heme degradation reaction with 
WT MhuD and a second reaction with F23W MhuD can be prepared and the mass 
spectrometer can sample the reactions every thirty minutes for 12 hours. The relative levels 
of heme and mycobilin can be compared between WT and F23W MhuD to determine 
which reaction step(s) are slower in the F23W MhuD-catalyzed reaction: heme to meso 
hydroxyheme or meso hydroxyheme to mycobilin.  
It is possible the lack of conversion from heme to mycobilin by F23W MhuD is due 
to heme dissociating from the active site. To assess this possibility, the Kd of heme bound 
to WT MhuD and F23W MhuD can be measured with fluorescence spectroscopy. Titrating 
in heme near a tryptophan quenches the fluorescence signal allowing a more accurate 
measurement of Kd than monitoring heme binding with Abs spectroscopy. However, the 
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additional tryptophan in the active site of F23W MhuD active site may complicate the 
fluorescence monitored heme binding.  
To identify if formyl-oxo-bilin is formed in MhuD, HPLC on MhuD degradation 
products without first extracting the product from the protein will need to be done. Tandem 
mass spec analysis revealed fragments not consistent with mycobilin, but instead matches 
fragments reported for formyl-oxo-bilin. Previous extraction and identification of 
mycobilins did not reveal any formyl-oxo-bilin, similar to what was observed for IsdG 
where initial studies did not report formyl-oxo-bilin and only saw staphylobilin. It was 
reported separating the heme degradation products from IsdG before mass spectrometry 
analysis resulted in loss of formyl-oxo-bilin. For MhuD, mycobilin and formyl-oxo-bilin 
have the same mass, injecting the MhuD reaction directly into the HPLC and optimizing 
the method should allow identification of both mycobilin isomers and identify whether 
formyl-oxo-bilin is present.  
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 2 
Figure A1. SDS-PAGE gel for the modified apo-MhuD purification. From left to right, the 
lanes represent: (A) PageRuler Plus prestained protein ladder (Pierce), (B) MhuD lysate, 
(C) Ni-NTA column flow through, (D) 25 mM imidazole wash, (E) 75 mM imidazole 
wash, (F) purified MhuD, (G) 1/10 dilution of purified MhuD, and (H) 1/100 dilution of 
purified MhuD. 
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Figure A2. Heme/ascorbate degradation assay for MhuD–heme in 20 mM NaPi pH 7.8.1 
10 mM ascorbate was used as a reductant and an Abs spectrum was measured every 5 
minutes for 1 hour. The solid black line represents initial spectrum, the solid purple line is 
the final recorded spectrum, and the grey lines are the intermediate readings.  
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Figure A3. Heme/acsorbate degradation assay for heme without MhuD in 20 mM Tris pH 
7.4, 50 mM NaCl. Ascorbate was titrated in to the heme solution over a 2 hour period until 
a final concentration of 50 mM ascorbate was reached.  
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Figure A4.  Heme/ascorbate degradation assay for MhuD–heme–CN in 20 mM NaPi pH 
7.4. 100 mM ascorbate was used as a reductant and an Abs spectrum was measured every 
5 minutes for 2 hours. 
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Figure A5. 2mFo-ΔFc composite omit electron density map for bound heme–CN calculated 
with the heme and cyanide ligands omitted.  The electron density mesh contoured at 1.0σ 
is colored in grey. Heme–CN is represented as a stick model, where nitrogen, oxygen, heme 
carbon, and cyano carbon atoms are in blue, red, cyan, and yellow, respectively. Iron is 
depicted as on orange sphere.  Heme is shown in two confirmations to demonstrate that the 
(A) vinyl groups fit the density well and that the (B) porphyrin ring is distorted. 
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Figure A6. 1H Super-WEFT spectra of 1.5 mM MhuD–heme–CN in 20 mM NaPi pH 7.4 
at 11°, 25°, 35°, and 42°C. 
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Figure A7. VTVH MCD saturation magnetization curves of MhuD–heme–CN 
(experiment) and high-spin chloro(meso-tetraphenylporphinato)iron(III) at 2   K 
(simulation) with D = 6.9 cm-1.2 
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Figure A8. VTVH MCD saturation magnetization curves for MhuD-heme-CN at 2 K (M 
2 K), 5 K (M 5 K), 10 K (M 10 K); and MhuD-diheme-CN at 2 K (D 2 K), 5 K (D 5 K), 
and 10 K (D 10 K). All MhuD–diheme–CN curves fall between the 2 K and 10 K curves 
of MhuD–heme–CN. 
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Figure A9. Degree of heme ruffling within heme degrading enzymes.  Panel A: Overlay 
of MhuD–heme–CN (cyan) and rHO–heme–CN (orange, PDB ID 2E7E).  Both panels 
show rHO heme being mostly planar. Overlay of hemes from MhuD–heme–CN (cyan, 
PDB ID 4NL5), N7A IsdG (white, PDB ID 2ZDO) and IsdI–heme–CN (green, PDB ID 
3QGP) following structural overlay. 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3 
B.1. SUPPLEMENTARY METHODS. 
CD Spectroscopy. Circular dichroism (CD) spectra of the wild type (WT), W66F, and 
W66A forms of cyanide-inhibited (MhuD–heme–CN) were acquired in the UV region of 
the spectrum to investigate the overall fold of each variant. Samples of MhuD–heme–CN 
in 10 mM potassium phosphate (KPi) pH 7.4 were loaded into quartz cuvettes, and the UV 
CD spectra from 240 to 190 nm were acquired on a Jasco J-815 spectropolarimeter using 
a scanning speed of 20 nm/min, a bandwidth of 1 nm, a digital integration time of 8 s, and 
a data pitch of 0.5 nm. The spectra were analyzed using the SELCON3 program of the 
CDPro software package with IBasis=4 in order to evaluate the secondary structure of each 
variant.1-5 
Normal Coordinate Structural Decomposition. In order to analyze the out-of-plane 
distortions of the heme structures presented in this work in terms of their displacements 
from D4h symmetry along low-energy vibrational normal modes, a new version of the 
normal-coordinate structural decomposition program, originally developed by Shelnutt and 
co-workers,6 was written. This was necessary because, unfortunately, the original program 
is no longer available on the internet. The new program features a more flexible input 
format, and is available for use on the corresponding author’s website. Based upon the 
compelling correlations between out-of-plane deformation type and function,7 and the lack 
of compelling correlations between in-plane deformation type and function, the new 
program only provides out-of-plane normal coordinate displacements. Similar to the 
original program, the new program transforms the out-of-plane distortions of the 24 atoms 
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of the porphyrin π system into a sum of deformations along six normal modes. The first 
step of the program aligns the observed porphyrin coordinates (Sobs) with a set of reference 
coordinates (Sref) where the reference coordinates are an ideal, planar porphyrin so the 
displacement of each individual atom in the observed structure can be determined.  𝑺𝑟𝑒𝑓  
was chosen to be the same energy minimized structure as used in the original NSD 
program, copper(II) porphine, and the atomic coordinates are found in Table S1 of Shelnutt 
and coworkers.6 The 24 x 3 matrix was written as a 72-element column vector whose first 
three elements are the x, y, and z atomic position coordinates of the first atom, then the 
next three elements are the x, y, and z coordinates of the second atom, etc., where the z-
values are all 0 to ensure the reference structure is completely planar. Sref  was subtracted 
from  𝑺𝑜𝑏𝑠 to provide the out-of-plane distortion for the observed system (Dobs): 
𝑫𝑜𝑏𝑠 = 𝑺𝑜𝑏𝑠 − 𝑺𝑟𝑒𝑓               (1) 
However, before 𝑫𝑜𝑏𝑠 is computed, the coordinates for 𝑺𝑜𝑏𝑠 were properly aligned with 
the reference structure as described below. 
The center-of-coordinate (non-weighted center-of-mass) is computed from the 
position coordinates of all the atoms in the observed molecule by: 
𝑟𝑐𝑚 = ∑ 𝑟𝑖
𝑁
𝑖=1 .      (2) 
where 𝑟𝑖 is the coordinate of each individual atom and N is the total number of atoms.  𝑟𝑐𝑚 
was subtracted from each individual coordinate, putting the observed center-of-coordinate 
at the origin.  
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The coordinates of the observed molecule were rotated such that the mean plane 
(or “best fit plane”) of the reference molecule (reference plane) and the mean plane of the 
observed molecule are co-planar, each with an associated unit normal vector.  The 
coordinate system was chosen such that the mean plane for the reference molecule is 
defined by the unit normal ?̂? =  ?̂?.  The unit normal for the mean plane of the observed 
molecule, ?̂? = 𝑚𝑥?̂? + 𝑚𝑦?̂? + 𝑚𝑧?̂? , was determined via consideration of the residual sum 
of squares: 
Δ𝑧 = ∑  (?⃗⃗? ⋅ 𝑟 𝑖
𝑜𝑏𝑠 )
2𝑁
𝑖=1     (3) 
The residual sum of squares is a measure of the discrepancy between the observed 
coordinates and the reference positions.8  When the mean planes are co-planar, the residual 
sum of squares will be minimized, thus finding the proper ?⃗⃗?  is an extremization problem 
solved by taking the length of ?⃗⃗?  as a stationary condition and introducing a Lagrange 
multiplier 𝜂.   
𝐹 = ∑  (?⃗⃗? ⋅ 𝑟 𝑖
𝑜𝑏𝑠 )
2
− 𝜂(𝑚𝑥
2 + 𝑚𝑦
2 + 𝑚𝑧
2)𝑁𝑖=1    (4) 
The equation is extremized when the following conditions are fulfilled: 
1
2
𝜕
𝜕𝑚𝑗
𝐹 =
𝜕
𝜕𝑚𝑗
∑  (?⃗⃗? ⋅ 𝑟 𝑖
𝑜𝑏𝑠 )
2
− 𝜂𝑚𝑗
𝑁
𝑖=1 = 0, 𝑗 = 𝑥, 𝑦, 𝑧.  (5) 
This was represented, in matrix notation, as the eigenvalue problem 
𝑼?⃗⃗? = 𝜂?⃗⃗? ,     (6) 
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where U is given by 
𝑼 = [
𝑆 𝑜𝑏𝑠
𝑥 𝑆 𝑜𝑏𝑠
𝑥 𝑆 𝑜𝑏𝑠
𝑥 𝑆 𝑜𝑏𝑠
𝑦 𝑆 𝑜𝑏𝑠
𝑥 𝑆 𝑜𝑏𝑠
𝑧
𝑆 𝑜𝑏𝑠
𝑦 𝑆 𝑜𝑏𝑠
𝑥 𝑆 𝑜𝑏𝑠
𝑦 𝑆 𝑜𝑏𝑠
𝑦 𝑆 𝑜𝑏𝑠
𝑦 𝑆 𝑜𝑏𝑠
𝑧
𝑆 𝑜𝑏𝑠
𝑧 𝑆 𝑜𝑏𝑠
𝑥 𝑆 𝑜𝑏𝑠
𝑧 𝑆 𝑜𝑏𝑠
𝑦 𝑆 𝑜𝑏𝑠
𝑧 𝑆 𝑜𝑏𝑠
𝑧
]   (7) 
and 𝑆 𝑜𝑏𝑠
𝑥  (for example) is a 24-element column vector containing the x-coordinates of the 
observed molecule.  The unit normal ?̂? was found by constructing this matrix and 
computing its eigenvectors.  Once normalized, the eigenvector with the lowest 
corresponding eigenvalue was chosen as the unit normal ?̂?. 
Upon determining ?̂?, the axis of rotation to align the observed coordinates with the 
reference coordinates was computed with the unit vector that points along that axis: 
?̂? =
?̂?×?̂?
|?̂?×?̂?|
     (8) 
This unit vector defines the axis of rotation used in order to align the mean plane of the 
observed coordinates co-planar with the reference plane. The observed coordinates were 
chosen to lie in the xy-plane, and the unit vector about which to rotate becomes 
?̂? =
𝑚𝑦?̂?− 𝑚𝑥?̂?
√𝑚𝑥
2+𝑚𝑦
2
.     (9) 
Then a rotation around ?̂? by an angle 
𝛽 = cos−1 𝑚𝑧     (10) 
was performed using the Rodriguez Rotation Formula given by: 
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𝑹(𝛽) =
[
cos 𝛽 + 𝑢𝑥
2(1 − cos 𝛽) 𝑢𝑥𝑢𝑦(1 − cos 𝛽) − 𝑢𝑧 sin 𝛽 𝑢𝑥𝑢𝑧(1 − cos 𝛽) +𝑢𝑦 sin 𝛽
𝑢𝑥𝑢𝑦(1 − cos𝛽) + 𝑢𝑧 sin 𝛽 cos 𝛽 + 𝑢𝑦
2(1 − cos 𝛽) 𝑢𝑦𝑢𝑧(1 − cos 𝛽) −𝑢𝑥 sin 𝛽
𝑢𝑥𝑢𝑧(1 − cos 𝛽) −𝑢𝑦 sin 𝛽 𝑢𝑦𝑢𝑧(1 − cos 𝛽) +𝑢𝑥 sin 𝛽 cos𝛽 + 𝑢𝑧
2(1 − cos 𝛽)
]
(11) 
Since 𝑢𝑧 = 0, this rotation matrix is simplified to 
𝑅(𝛽) → [
cos 𝛽 + 𝑢𝑥
2(1 − cos 𝛽) 𝑢𝑥𝑢𝑦(1 − cos 𝛽) 𝑢𝑦 sin 𝛽
𝑢𝑥𝑢𝑦(1 − cos𝛽) cos 𝛽 + 𝑢𝑦
2(1 − cos 𝛽) −𝑢𝑥 sin 𝛽
−𝑢𝑦 sin 𝛽 𝑢𝑥 sin 𝛽 cos 𝛽
]   (12) 
In order to rotate the observed coordinates’ mean plane into the reference plane, the kth 
atom’s observed coordinates were rotated to compute 𝑟𝑘
𝑜𝑏𝑠,𝑐𝑜𝑝𝑙𝑎𝑛𝑎𝑟 = 𝑹(𝛽) ⋅  𝑟𝑘
𝑜𝑏𝑠 (herein 
𝑟𝑘
𝑜𝑏𝑠). This operation was done for all atoms and the resulting observed coordinates’ mean 
plane lies in the xy- plane. The 𝑆 𝑜𝑏𝑠 vectors refer to those whose coordinates’ mean plane 
has been aligned with that of the reference structure. 
The second step for aligning the observed structure with the reference structure was 
to rotate the observed coordinates around the z-axis by an angle θ.  The sum of the residual 
sum of squares was extremized to find the desired quantity, the angle θ.  The residual sum 
of squares for this rotation is given by 
Δ𝑥𝑦 = ∑  (𝑹(𝜃) ⋅ 𝑟 𝑖
𝑜𝑏𝑠 − 𝑟 𝑖
𝑟𝑒𝑓
 )
2𝑁
𝑖=1 ,    (13) 
where 𝑹(𝜃) is the rotation matrix 
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𝑹(𝜃) = [
cos (𝜃) sin (𝜃) 0
−sin (𝜃) cos (𝜃) 0
0 0 1
]   (14) 
The residual sum of squares must once again be minimized, with the following condition 
met: 
1
2
𝑑
𝑑𝜃
Δ𝑥𝑦 = ∑  (𝑹(𝜃) ⋅ 𝑟 𝑖
𝑜𝑏𝑠 − 𝑟 𝑖
𝑟𝑒𝑓
 ) (
𝑑𝑹(𝜃)
𝑑𝜃
𝑟 𝑖
𝑜𝑏𝑠) = 0𝑁𝑖=1   (15) 
This had the solution 
𝜃 + 𝑛𝜋 = arctan (
𝑆 𝑟𝑒𝑓
𝑥 𝑆 𝑜𝑏𝑠
𝑦
−𝑆 𝑟𝑒𝑓
𝑦
𝑆 𝑜𝑏𝑠
𝑥
𝑆 𝑟𝑒𝑓
𝑥 𝑆 𝑜𝑏𝑠
𝑥 +𝑆 𝑟𝑒𝑓
𝑦
𝑆 𝑜𝑏𝑠
𝑦 ) , 𝑛 ∈ ℤ   (16) 
Since 0 ≤ 𝜃 ≤ 2𝜋, there is only one minimum and one maximum.  Taking the second 
derivative of the previous equation and rearranging yielded the following condition for the 
minimum value of 𝜃: 
(𝑆 𝑟𝑒𝑓
𝑥 ⋅ 𝑆 𝑜𝑏𝑠
𝑦 − 𝑆 𝑟𝑒𝑓
𝑦 ⋅ 𝑆 𝑜𝑏𝑠
𝑥 ) cos(𝜃) + (𝑆 𝑟𝑒𝑓
𝑥 ⋅ 𝑆 𝑜𝑏𝑠
𝑥 + 𝑆 𝑟𝑒𝑓
𝑦 ⋅ 𝑆 𝑜𝑏𝑠
𝑦 ) sin(𝜃) > 0 (17) 
These conditions determine the value of 𝜃 to rotate the coordinates to align the observed 
and reference structures.  
The distortion coordinates are represented as a linear combination of the harmonic 
eigenvectors: 
𝑫𝑜𝑏𝑠 = ∑ 𝑑𝑚
Γ  ?̂?𝑚
Γ  cos(2𝜋𝑐𝜈𝑚
Γ t + ϕm
Γ ) Γ,𝑚 ,   (18) 
where 𝑑𝑚
Γ  is the magnitude of the displacement along the normal coordinate contributed 
from the mth mode of symmetry type Γ (e.g. a1u, a2u, b1u, etc…), 𝜈𝑚
Γ  is the vibrational 
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frequency of that normal mode, 𝑐 is the speed of light, and ?̂?𝑚
Γ  are the normal displacement 
eigenvectors.  These displacement eigenvectors were treated as 72-element column vectors 
(ordered the same as 𝑫𝑜𝑏𝑠), with values of 0 entered for the x- and y-coordinates. In the 
static case (no time dependence), t = 0, creates an initial phase shift ϕm
Γ = 0, which leaves 
the observed distortion vectors in the form: 
𝑫𝑜𝑏𝑠 = ∑ 𝑑𝑚
Γ  ?̂?𝑚
Γ
Γ,𝑚     (19) 
The normal displacement eigenvectors for the three lowest-frequency normal modes 
(m=1,2,3) are given in Tables S3 and S4 in Jentzen et. al.6  The magnitudes of these 
distortions, 𝑑𝑚
Γ , were computed as: 
𝑑𝑚
Γ = ∑ ?̅?𝑚𝑘
Γ 𝑃𝑘
Γ𝑁Γ
𝑘=1     (20) 
with ?̅?𝑚𝑘
Γ  being the matrix element from the mth row and kth column of the matrix ?̅?Γ =
(𝑩Γ)−1, where 𝐵𝑚𝑘
Γ = ?̂?𝑚
Γ ′ ⋅ ?̂?𝑘
Γ, and  𝑃𝑘
Γ = ?̂?𝑚
Γ ′ ⋅ 𝑫𝑜𝑏𝑠.  For clarity, an example of the 
𝑩𝐵1𝑢 matrix is provided: 
𝑩𝐵1𝑢 = [
?̂?′1
𝐵1𝑢 ⋅ ?̂?1
𝐵1𝑢 ?̂?′1
𝐵1𝑢 ⋅ ?̂?2
𝐵1𝑢 ?̂?′1
𝐵1𝑢 ⋅ ?̂?3
𝐵1𝑢
?̂?′2
𝐵1𝑢 ⋅ ?̂?1
𝐵1𝑢 ?̂?′2
𝐵1𝑢 ⋅ ?̂?2
𝐵1𝑢 ?̂?′2
𝐵1𝑢 ⋅ ?̂?3
𝐵1𝑢
?̂?′3
𝐵1𝑢 ⋅ ?̂?1
𝐵1𝑢 ?̂?′3
𝐵1𝑢 ⋅ ?̂?2
𝐵1𝑢 ?̂?′3
𝐵1𝑢 ⋅ ?̂?3
𝐵1𝑢
],   (21) 
and therefore 𝐵21
Γ = ?̂?′2
𝐵1𝑢 ⋅ ?̂?1
𝐵1𝑢.  Then, 
𝑑1
B1u = ∑ ?̅?1𝑘
B1u𝑃𝑘
B1u𝑁Γ=24
𝑘=1    (22) 
is the displacement of the 1st frequency mode of the b1u (ruffling) irreducible 
representation.  This value is reported as the displacement from the minimal basis.  The 
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displacement value from the extended basis is the sum of the m=1,2,3 displacement 
contributions.  
B.2. SUPPLEMENTARY RESULTS 
CD Spectroscopy. CD spectra of WT, W66F, and W66A MhuD–heme–CN were acquired 
in the UV region and analyzed to determine whether the dependence of the MhuD-
catalyzed heme degradation rate on the identity of residue 66 could be attributed to 
polypeptide structural changes. This experiment is an excellent probe of the overall protein 
fold as the fractional contributions of α-helices and β-sheets to the polypeptide secondary 
structure can be determined from careful analysis of the spectroscopic data.9 All three CD 
spectra have similar intensity negative bands at 209 nm, but there are small differences 
between variants for the shoulder observed at 222 nm and the positive peak detected at 191 
nm in WT MhuD–heme–CN (Figure S8). In addition, the zero-crossing point of the 
spectrum shifts from 198 nm in WT and W66A MhuD–heme–CN to 197 nm in the W66F 
variant. In order to determine whether these differences have significant structural 
implications, all three spectra were analyzed using the CDPro software package.1, 2 The 
fractional contributions of α-helices and β-sheets to the MhuD–heme–CN secondary 
structure in solution, as detected using CD spectroscopy, are 30% less than those observed 
in the solid state by X-ray crystallography (PDB ID 4NL5, Table B5).10 This provides an 
estimate of the systematic error for CD analysis of the MhuD–heme–CN secondary 
structure, which is similar to the RMSD error for the SELCON3 algorithm. The ratio of α-
helices to β-sheets deduced by X-ray crystallography and CD spectroscopy is nearly 
identical, suggesting that the protein fold in solution is similar to that detected by 
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crystallography. Analysis of the CD data for W66F and W66A MhuD–heme–CN indicates 
that these substitutions may increase the α-helical content and decrease the β-sheet content, 
but the changes are smaller than the estimated systematic error. Thus, all three forms of 
MhuD–heme–CN are likely to have protein folds similar to that of the available crystal 
structure.  
Normal structural decomposition program. The consistency of the old and new NSD 
program output was assessed by comparison of the out-of-plane heme distortions for a 
library of 42 heme structures.6 The maximum difference between the normal coordinate 
distortions calculated by both programs was 0.01 Å, and 289 of the 294 values had 
differences of less than 0.005 Å (Table B6). Based upon this analysis, and the errors 
inherent to the DREIDING II force field used to generate the normal mode vectors,10 NSD 
program output is rounded to the nearest 0.01 Å. 
Table B1. W66F MhuD mutagenic primer sequence 
Primer Sequence 
Forward 5'- GAAGCATTCCAGGCGTTCGCAAACGGGCCC-3' 
Reverse 5'- GGGCCCGTTTGCGAACGCCTGGAATGCTTC -3' 
 
Table B2. W66A MhuD mutagenic primer sequence 
Primer Sequence 
Forward 5'-GCATTCCAGGCGGCGGCAAACGGGCCC-3' 
Reverse 5'-GGGCCCGTTTGCCGCCGCCTGAAGTGC-3' 
 
 
 
 
190 
 
 
 
 
 
 
Table B3. W66F MhuD gene sequence 
M1 P2 V3 V4 K5 I6 N7 A8 I9 
ATG CCA GTG GTG AAG ATC AAC GCA ATC 
E10 V11 P12 A13 G14 A15 G16 P17 E18 
GAG GTG CCC GCC GGC GCT GGC CCC GAG 
L19 E20 K21 R22 F23 A24 H25 R26 A27 
CTG GAG AAG CGG TTC GCT CAC CGC GCG 
H28 A29 V30 E31 N32 S33 P34 G35 F36 
CAC GCG GTC GAG AAC TCC CCG GGT TTC 
L37 G38 F39 Q40 L41 L42 R43 P44 V45 
CTC GGC TTT CAG CTG TTA CGT CCG GTC 
K46 G47 E48 E49 R50 Y51 F52 V53 V54 
AAG GGT GAA GAA CGC TAC TTC GTG GTG 
T55 H56 W57 E58 S59 D60 E61 A62 F63 
ACA CAC TGG GAG TCC GAT GAA GCA TTC 
Q64 A65 F66 A67 N68 G69 P70 A71 I72 
CAG GCG TTC GCA AAC GGG CCC GCC ATC 
A73 A74 H75 A76 G77 H78 R79 A80 N81 
GCA GCC CAT GCC GGA CAC CGG GCC AAC 
P82 V83 A84 T85 G86 A87 S88 L89 L90 
CCC GTG GCG ACC GGT GCT TCG CTG CTG 
E91 F92 E93 V94 V95 L96 D97 V98 G99 
GAA TTC GAG GTC GTG CTT GAC GTC GGT 
G100 T101 G102 K103 T104 A105 G106 G107 V108 
GGG ACC GGC AAG ACT GCA GGA GGT GTA 
P109 R110 G111 K112 L113 A114 A115 A116 L117 
CCA CGA GGT AAG CTT GCG GCC GCA CTC 
E118 H119 H120 H121 H122 H123 H124     
GAG CAC CAC CAC CAC CAC CAC     
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Table B4. W66A MhuD gene sequence 
M1 P2 V3 V4 K5 I6 N7 A8 I9 
ATG CCA GTG GTG AAG ATC AAC GCA ATC 
E10 V11 P12 A13 G14 A15 G16 P17 E18 
GAG GTG CCC GCC GGC GCT GGC CCC GAG 
L19 E20 K21 R22 F23 A24 H25 R26 A27 
CTG GAG AAG CGG TTC GCT CAC CGC GCG 
H28 A29 V30 E31 N32 S33 P34 G35 F36 
CAC GCG GTC GAG AAC TCC CCG GGT TTC 
L37 G38 F39 Q40 L41 L42 R43 P44 V45 
CTC GGC TTT CAG CTG TTA CGT CCG GTC 
K46 G47 E48 E49 R50 Y51 F52 V53 V54 
AAG GGT GAA GAA CGC TAC TTC GTG GTG 
T55 H56 W57 E58 S59 D60 E61 A62 F63 
ACA CAC TGG GAG TCC GAT GAA GCA TTC 
Q64 A65 A66 A67 N68 G69 P70 A71 I72 
CAG GCG GCG GCA AAC GGG CCC GCC ATC 
A73 A74 H75 A76 G77 H78 R79 A80 N81 
GCA GCC CAT GCC GGA CAC CGG GCC AAC 
P82 V83 A84 T85 G86 A87 S88 L89 L90 
CCC GTG GCG ACC GGT GCT TCG CTG CTG 
E91 F92 E93 V94 V95 L96 D97 V98 G99 
GAA TTC GAG GTC GTG CTT GAC GTC GGT 
G100 T101 G102 K103 T104 A105 G106 G107 V108 
GGG ACC GGC AAG ACT GCA GGA GGT GTA 
P109 R110 G111 K112 L113 A114 A115 A116 L117 
CCA CGA GGT AAG CTT GCG GCC GCA CTC 
E118 H119 H120 H121 H122 H123 H124     
GAG CAC CAC CAC CAC CAC CAC     
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Table B5. Secondary Structural Content for MhuD–heme–CN Variants 
Variant α helix β sheet 
WTa 0.14 0.21 
W66Fa 0.17 0.19 
W66Aa 0.20 0.16 
WTb 0.19 0.31 
aBased upon analysis of the UV CD data presented in this work. bBased upon X-ray 
crystal structure (PDB ID 4NL5).10  
Table B6. Comparison of new and original NSD programs 
Label  
Heme 
number PDBID Group Doop sad(b2u) ruf (b1u) dom(a2u) 
cyt. C550  155C Ref. 6 0.32 0.14 0.15 0.19 
cyt. C550  155C this work 0.32 0.14 0.15 0.19 
cyt. C551  451C Ref. 6 0.52 0.09 0.50 0.03 
cyt. C551  451C this work 0.52 0.09 0.50 0.03 
cyt. C553  1C53 Ref. 6 0.80 0.47 0.60 0.11 
cyt. C553  1C53 this work 0.80 0.47 0.60 0.11 
cyt. C iso-2  1YEA Ref. 6 0.73 0.06 0.48 0.06 
cyt. C iso-2  1YEA this work 0.73 0.06 0.48 0.06 
cyt. C'  1CGO Ref. 6 0.50 0.28 0.34 0.06 
cyt. C'  1CGO this work 0.49 0.27 0.34 0.06 
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RC cyt. 1 1PRC Ref. 6 0.73 0.63 0.26 0.14 
RC cyt. 1 1PRC this work 0.73 0.63 0.26 0.14 
RC cyt. 2 1PRC Ref. 6 0.57 0.39 0.38 0.05 
RC cyt. 2 1PRC this work 0.57 0.39 0.38 0.04 
RC cyt. 3 1PRC Ref. 6 0.69 0.51 0.41 0.01 
RC cyt. 3 1PRC this work 0.69 0.51 0.41 0.01 
RC cyt. 4 1PRC Ref. 6 0.30 0.17 0.03 0.11 
RC cyt. 4 1PRC this work 0.30 0.17 0.03 0.11 
cyt. P450  2BMH Ref. 6 0.38 0.07 0.34 0.02 
cyt. P450  2BMH this work 0.38 0.07 0.33 0.02 
bovine b5  1CYO Ref. 6 0.52 0.37 0.31 0.07 
bovine b5  1CYO this work 0.52 0.37 0.31 0.07 
cyt. c. perox  2CYP Ref. 6 0.73 0.62 0.24 0.01 
cyt. c. perox  2CYP this work 0.73 0.62 0.24 0.01 
flavocyt. b2  1FCB Ref. 6 0.36 0.03 0.22 0.16 
flavocyt. b2  1FCB this work 0.36 0.03 0.22 0.16 
myoglobin  1VXG Ref. 6 0.42 0.06 0.08 0.31 
myoglobin  1VXG this work 0.42 0.06 0.08 0.31 
Hildb 1 2CYM Ref. 6 0.85 0.06 0.66 0.32 
Hildb 1 2CYM this work 0.85 0.06 0.66 0.32 
Hildb 2 2CYM Ref. 6 0.92 0.18 0.80 0.02 
Hildb 2 2CYM this work 0.92 0.18 0.80 0.02 
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Hildb 3 2CYM Ref. 6 0.67 0.32 0.27 0.06 
Hildb 3 2CYM this work 0.67 0.32 0.27 0.06 
Hildb 4 2CYM Ref. 6 1.24 1.02 0.35 0.27 
Hildb 4 2CYM this work 1.24 1.02 0.35 0.27 
Miyaz 1 2CDV Ref. 6 0.89 0.17 0.84 0.14 
Miyaz 1 2CDV this work 0.89 0.17 0.84 0.14 
Miyaz 2 2CDV Ref. 6 0.94 0.16 0.88 0.07 
Miyaz 2 2CDV this work 0.94 0.16 0.88 0.07 
Miyaz 3 2CDV Ref. 6 0.56 0.37 0.39 0.01 
Miyaz 3 2CDV this work 0.56 0.37 0.39 0.01 
Miyaz 4 2CDV Ref. 6 1.18 1.03 0.43 0.06 
Miyaz 4 2CDV this work 1.18 1.03 0.43 0.06 
Norw. 1 2CY3 Ref. 6 0.79 0.27 0.69 0.12 
Norw. 1 2CY3 this work 0.79 0.27 0.69 0.12 
Norw. 2 2CY3 Ref. 6 1.27 0.48 1.14 0.12 
Norw. 2 2CY3 this work 1.27 0.48 1.14 0.12 
Norw. 3 2CY3 Ref. 6 0.33 0.07 0.27 0.01 
Norw. 3 2CY3 this work 0.33 0.07 0.27 0.01 
Norw. 4 2CY3 Ref. 6 0.80 0.16 0.69 0.06 
Norw. 4 2CY3 this work 0.80 0.16 0.69 0.05 
ferrocyt. c 
WT  1YCC Ref. 6 0.89 0.31 0.77 0.01 
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ferrocyt. c 
WT  1YCC this work 0.89 
0.31 0.77 0.01 
ferrocyt. c 
N52I  1CRH Ref. 6 1.12 0.20 1.02 0.02 
ferrocyt. c 
N52I  1CRH this work 1.12 
0.20 1.02 0.02 
ferrocyt. c 
N52I C102T  1CRG Ref. 6 1.00 0.30 0.90 0.08 
ferrocyt. c 
N52I C102T  1CRG this work 1.00 
0.30 0.90 0.08 
ferrocyt. c 
Y67F C102T  1CTZ Ref. 6 1.04 0.10 0.95 0.01 
ferrocyt. c 
Y67F C102T  1CTZ this work 1.04 
0.10 0.95 0.01 
ferrocyt. c 
F82Y C102T  1CHH Ref. 6 0.91 0.05 0.86 0.04 
ferrocyt. c 
F82Y C102T  1CHH this work 0.91 
0.05 0.86 0.04 
ferrocyt. c 
L85M 
C102T  1CSW Ref. 6 0.97 0.30 0.86 0.11 
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ferrocyt. c 
L85M 
C102T  1CSW this work 0.97 
0.30 0.86 0.11 
ferrocyt. c 
L85A 
C102T  1CHJ Ref. 6 0.84 0.00 0.77 0.03 
ferrocyt. c 
L85A 
C102T  1CHJ this work 0.84 
0.00 0.77 0.03 
ferrocyt. c 
L85C C102T  1CSU Ref. 6 0.92 0.23 0.83 0.09 
ferrocyt. c 
L85C C102T  1CSU this work 0.92 
0.23 0.83 0.09 
ferrocyt. c 
L85F C102T  1CSV Ref. 6 0.89 0.01 0.76 0.18 
ferrocyt. c 
L85F C102T  1CSV this work 0.89 
0.01 0.76 0.18 
ferrocyt. c 
L94S C102T  1CSX Ref. 6 0.99 0.14 0.85 0.01 
ferrocyt. c 
L94S C102T  1CSX 
 this 
work 0.99 
0.14 0.84 0.01 
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ferrocyt. c 
R38A F82S 
C102T  1CIF Ref. 6 1.23 0.37 1.10 0.08 
ferrocyt. c 
R38A F82S 
C102T  1CIF this work 1.23 
0.37 1.10 0.08 
ferrocyt. c 
N52I F82S 
C102A  1CIE Ref. 6 0.81 0.09 0.69 0.03 
ferrocyt. c 
N52I F82S 
C102A  1CIE this work 0.81 
0.09 0.69 0.03 
ferrocyt. c 
N52I y67F 
C102T  1CRJ Ref. 6 0.79 0.16 0.69 0.06 
ferrocyt. c 
N52I y67F 
C102T  1CRJ this work 0.79 
0.16 0.69 0.06 
ferrocyt. c 
F82Y L85A 
C102T  1CHI Ref. 6 0.92 0.07 0.80 0.04 
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ferrocyt. c 
F82Y L85A 
C102T  1CHI this work 0.92 
0.07 0.80 0.04 
ferrocyt. c 
E21D K22Q 
P25A H26N  1RAQ Ref. 6 0.90 0.18 0.81 0.08 
ferrocyt. c 
E21D K22Q 
P25A H26N  1RAQ this work 0.90 
0.18 0.81 0.08 
ferrocyt. c 
E21D K22Q 
P25A H26N  1RAP Ref. 6 0.80 0.24 0.68 0.04 
ferrocyt. c 
E21D K22Q 
P25A H26N   1RAP this work 0.80 
0.24 0.68 0.04 
        
        
        
        
Label  
Heme 
number PDBID Group Doop 
wavx(Egy
) 
wavy(Egx
) pro(a1u) 
cyt. C550  155C Ref. 6 0.32 0.03 0.04 0.06 
cyt. C550  155C this work 0.32 0.03 0.04 0.06 
cyt. C551  451C Ref. 6 0.52 0.06 0.00 0.01 
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cyt. C551  451C this work 0.52 0.06 0.00 0.01 
cyt. C553  1C53 Ref. 6 0.80 0.11 0.13 0.02 
cyt. C553  1C53 this work 0.80 0.11 0.13 0.02 
cyt. C iso-2  1YEA Ref. 6 0.73 0.32 0.38 0.06 
cyt. C iso-2  1YEA this work 0.73 0.32 0.38 0.06 
cyt. C'  1CGO Ref. 6 0.50 0.07 0.20 0.03 
cyt. C'  1CGO this work 0.49 0.07 0.19 0.03 
RC cyt. 1 1PRC Ref. 6 0.73 0.04 0.08 0.05 
RC cyt. 1 1PRC this work 0.73 0.04 0.08 0.05 
RC cyt. 2 1PRC Ref. 6 0.57 0.04 0.08 0.04 
RC cyt. 2 1PRC this work 0.57 0.04 0.08 0.04 
RC cyt. 3 1PRC Ref. 6 0.69 0.08 0.12 0.00 
RC cyt. 3 1PRC this work 0.69 0.08 0.12 0.00 
RC cyt. 4 1PRC Ref. 6 0.30 0.10 0.16 0.04 
RC cyt. 4 1PRC this work 0.30 0.10 0.16 0.04 
cyt. P450  2BMH Ref. 6 0.38 0.05 0.10 0.05 
cyt. P450  2BMH this work 0.38 0.05 0.09 0.05 
bovine b5  1CYO Ref. 6 0.52 0.11 0.09 0.03 
bovine b5  1CYO this work 0.52 0.11 0.09 0.03 
cyt. c. perox  2CYP Ref. 6 0.73 0.18 0.05 0.01 
cyt. c. perox  2CYP this work 0.73 0.18 0.05 0.01 
flavocyt. b2  1FCB Ref. 6 0.36 0.12 0.15 0.05 
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flavocyt. b2  1FCB this work 0.36 0.12 0.15 0.05 
myoglobin  1VXG Ref. 6 0.42 0.02 0.17 0.04 
myoglobin  1VXG this work 0.42 0.02 0.17 0.04 
Hildb 1 2CYM Ref. 6 0.85 0.09 0.23 0.20 
Hildb 1 2CYM this work 0.85 0.09 0.23 0.20 
Hildb 2 2CYM Ref. 6 0.92 0.07 0.21 0.09 
Hildb 2 2CYM this work 0.92 0.07 0.21 0.09 
Hildb 3 2CYM Ref. 6 0.67 0.03 0.01 0.22 
Hildb 3 2CYM this work 0.67 0.03 0.01 0.22 
Hildb 4 2CYM Ref. 6 1.24 0.24 0.33 0.15 
Hildb 4 2CYM this work 1.24 0.32 0.24 0.15 
Miyaz 1 2CDV Ref. 6 0.89 0.07 0.02 0.01 
Miyaz 1 2CDV this work 0.89 0.07 0.02 0.01 
Miyaz 2 2CDV Ref. 6 0.94 0.22 0.07 0.04 
Miyaz 2 2CDV this work 0.94 0.22 0.07 0.04 
Miyaz 3 2CDV Ref. 6 0.56 0.09 0.02 0.03 
Miyaz 3 2CDV this work 0.56 0.09 0.02 0.03 
Miyaz 4 2CDV Ref. 6 1.18 0.11 0.21 0.03 
Miyaz 4 2CDV this work 1.18 0.11 0.21 0.03 
Norw. 1 2CY3 Ref. 6 0.79 0.06 0.08 0.03 
Norw. 1 2CY3 this work 0.79 0.06 0.08 0.03 
Norw. 2 2CY3 Ref. 6 1.27 0.15 0.06 0.09 
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Norw. 2 2CY3 this work 1.27 0.15 0.06 0.09 
Norw. 3 2CY3 Ref. 6 0.33 0.09 0.05 0.00 
Norw. 3 2CY3 this work 0.33 0.08 0.05 0.00 
Norw. 4 2CY3 Ref. 6 0.80 0.09 0.31 0.03 
Norw. 4 2CY3 this work 0.80 0.09 0.31 0.02 
ferrocyt. c 
WT  1YCC Ref. 6 0.89 0.14 0.20 0.10 
ferrocyt. c 
WT  1YCC this work 0.89 
0.14 0.20 0.10 
ferrocyt. c 
N52I  1CRH Ref. 6 1.12 0.33 0.16 0.00 
ferrocyt. c 
N52I  1CRH this work 1.12 
0.33 0.16 0.00 
ferrocyt. c 
N52I C102T  1CRG Ref. 6 1.00 0.13 0.18 0.04 
ferrocyt. c 
N52I C102T  1CRG this work 1.00 
0.13 0.18 0.04 
ferrocyt. c 
Y67F C102T  1CTZ Ref. 6 1.04 0.19 0.33 0.02 
ferrocyt. c 
Y67F C102T  1CTZ this work 1.04 
0.19 0.33 0.02 
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ferrocyt. c 
F82Y C102T  1CHH Ref. 6 0.91 0.22 0.13 0.01 
ferrocyt. c 
F82Y C102T  1CHH this work 0.91 
0.21 0.13 0.01 
ferrocyt. c 
L85M 
C102T  1CSW Ref. 6 0.97 0.04 0.22 0.01 
ferrocyt. c 
L85M 
C102T  1CSW this work 0.97 
0.04 0.22 0.01 
ferrocyt. c 
L85A 
C102T  1CHJ Ref. 6 0.84 0.20 0.21 0.04 
ferrocyt. c 
L85A 
C102T  1CHJ this work 0.84 
0.20 0.21 0.04 
ferrocyt. c 
L85C C102T  1CSU Ref. 6 0.92 0.07 0.23 0.00 
ferrocyt. c 
L85C C102T  1CSU this work 0.92 
0.07 0.23 0.00 
ferrocyt. c 
L85F C102T  1CSV Ref. 6 0.89 0.14 0.36 0.01 
203 
 
ferrocyt. c 
L85F C102T  1CSV this work 0.89 
0.14 0.36 0.01 
ferrocyt. c 
L94S C102T  1CSX Ref. 6 0.99 0.29 0.33 0.03 
ferrocyt. c 
L94S C102T  1CSX 
 this 
work 0.99 
0.29 0.33 0.03 
ferrocyt. c 
R38A F82S 
C102T  1CIF Ref. 6 1.23 0.09 0.30 0.03 
ferrocyt. c 
R38A F82S 
C102T  1CIF this work 1.23 
0.09 0.30 0.03 
ferrocyt. c 
N52I F82S 
C102A  1CIE Ref. 6 0.81 0.22 0.30 0.01 
ferrocyt. c 
N52I F82S 
C102A  1CIE this work 0.81 
0.22 0.30 0.01 
ferrocyt. c 
N52I y67F 
C102T  1CRJ Ref. 6 0.79 0.14 0.24 0.00 
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ferrocyt. c 
N52I y67F 
C102T  1CRJ this work 0.79 
0.14 0.24 0.00 
ferrocyt. c 
F82Y L85A 
C102T  1CHI Ref. 6 0.92 0.27 0.33 0.01 
ferrocyt. c 
F82Y L85A 
C102T  1CHI this work 0.92 
0.24 0.33 0.01 
ferrocyt. c 
E21D K22Q 
P25A H26N  1RAQ Ref. 6 0.90 0.12 0.26 0.03 
ferrocyt. c 
E21D K22Q 
P25A H26N  1RAQ this work 0.90 
0.12 0.26 0.03 
ferrocyt. c 
E21D K22Q 
P25A H26N  1RAP Ref. 6 0.80 0.23 0.19 0.01 
ferrocyt. c 
E21D K22Q 
P25A H26N   1RAP this work 0.80 
0.23 0.18 0.01 
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Figure B1. SDS-PAGE gel of W66F MhuD. 1/1000 dilution of W66F MhuD (1), 
1/10dilution of W66F MhuD (2), >95% Pure W66F MhuD (3), and molecular weight 
ladder (4). 
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Figure B2. SDS-PAGE gel of W66A MhuD. Lysate (1), flow through (2), 20 mM Tris, 
pH 7.8, 50 mM NaCl, 20 mM imidazole wash (3), 20 mM Tris, pH 7.8, 50 mM NaCl, 50 
mM imidazole wash (4), 1/100 dilution of W66A MhuD (5), 1/10 dilution of W66A MhuD 
(6), Pure W66A MhuD (7), and molecular weight ladder (8). 
 
Figure B3. α-meso–Fe–γ-meso angle constraint. 
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Figure B4 Heme degradation by WT MhuD with the initial (black), intermediate (grey), 
and final (red) UV/Vis Abs spectra shown.1 mM protein-heme was combined with 10 mM 
ascorbate and 5μM catalase in 20 mM Tris, pH 7.4, 50 mM NaCl.  
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Figure B5. Heme degradation by W66F MhuD with the initial (black), intermediate (grey), 
and final (red) UV/Vis Abs spectra shown.1 mM protein-heme was combined with 10 mM 
ascorbate and 5μM catalase in 20 mM Tris, pH 7.4, 50 mM NaCl. 
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Figure B6. Heme degradation by W66A MhuD with the initial (black), intermediate (grey), 
and final (red) UV/Vis Abs spectra shown.1 mM protein-heme was combined with 10 mM 
ascorbate and 5μM catalase in 20 mM Tris, pH 7.4, 50 mM NaCl. 
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Figure B7. Initial (black), intermediate (grey), and final (red) UV/Vis Abs spectra shown.1 
mM heme was combined with 10 mM ascorbate and 5μM catalase in 20 mM Tris, pH 7.4, 
50 mM NaCl. 
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Figure B8.  UV CD spectra of WT MhuD–heme–CN (black, solid line), W66F MhuD–
heme–CN (red, dashed line), and W66A MhuD–heme–CN (blue, dotted line) in 10 μM 
potassium phosphate buffer, pH 7.4.  
Figure B9.  The individual d orbital contributions to the singly occupied molecular orbital 
by Löwdin analysis for each geometry.  
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Figure B10.  PBE0/TZVP-computed valence QROs for cyanide, imidazole-ligated ferric 
heme as a function of porphyrin ruffling. Valence QRO plots for models with 0.3 Å (left) 
and 2.3 Å (right) ruffling are shown, in addition to the influence of ruffling on the energy 
of each QRO (middle).  
Cartesian Coordinates for all Computational Models 
   
His–heme–CN, 161.5˚ α-meso–Fe–γ-meso angle 
  C       0.508110     -0.343336     -4.196620 
  N       1.324282      0.731600     -3.892087 
  C      -0.041687     -0.735263     -3.001339 
  C       1.248850      0.956353     -2.553662 
  N       0.426347      0.080753     -1.991173 
  H       0.398487     -0.719814     -5.206741 
  H       1.885424      1.262585     -4.549844 
  H      -0.733627     -1.543586     -2.793447 
  H       1.787940      1.740561     -2.033085 
  C      -2.444587     -2.412618     -0.038818 
  C      -2.293493      2.373334     -0.745122 
  C       2.136338      2.325922      1.193383 
  C       2.381363     -2.384457      0.114540 
  C      -2.832087     -1.101888     -0.285136 
  C      -4.183201     -0.685790     -0.601493 
  C      -4.119552      0.655768     -0.903093 
  C      -2.736845      1.058496     -0.719791 
  C      -5.230822      1.578136     -1.288918 
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  C      -5.375940     -1.587127     -0.591485 
  C      -1.056482      2.805562     -0.270657 
  C      -0.722315      4.186178      0.003240 
  C       0.499570      4.175065      0.657932 
  C       0.914031      2.777295      0.715962 
  C      -1.564900      5.361050     -0.368546 
  C       1.291133      5.279747      1.168146 
  C       0.872790      6.522458      1.481834 
  C       2.631776      1.033403      1.022996 
  C       3.988911      0.628005      1.300892 
  C       4.096031     -0.692288      0.883390 
  C       2.766283     -1.080889      0.427319 
  C       5.028125      1.482859      1.948403 
  C       5.241350     -1.583467      0.922259 
  C       6.545326     -1.242085      0.950140 
  C       1.072171     -2.823463     -0.030738 
  C       0.672249     -4.224954     -0.032363 
  C      -0.699971     -4.237124      0.025904 
  C      -1.122664     -2.845085      0.008467 
  C       1.620076     -5.380243     -0.038115 
  C      -1.628855     -5.406514      0.086663 
  N      -1.964360     -0.028067     -0.369162 
  N      -0.045349      1.967633      0.142693 
  N       1.914499     -0.009200      0.479763 
  N      -0.035617     -2.010013     -0.044091 
  Fe     -0.044671     -0.013950      0.042873 
  H      -3.227635     -3.169443      0.018521 
  H      -3.018373      3.136426     -1.028287 
  H       2.803471      3.057658      1.646961 
  H       3.157358     -3.149895      0.110760 
  H      -6.149419      1.023139     -1.520336 
  H      -4.972738      2.177588     -2.176291 
  H      -5.469581      2.286741     -0.478580 
  H      -5.573980     -1.981508      0.417863 
  H      -5.238526     -2.454117     -1.257051 
  H      -6.280509     -1.058702     -0.920393 
  H      -2.204588      5.690262      0.468163 
  H      -2.226941      5.133758     -1.215933 
  H      -0.934911      6.218861     -0.648850 
  H       2.353966      5.064275      1.322877 
  H      -0.169848      6.830987      1.413485 
  H       1.579452      7.266436      1.851728 
  H       4.575897      2.253748      2.588167 
  H       5.665785      1.999808      1.210813 
  H       5.694236      0.871887      2.575805 
  H       5.009003     -2.654066      0.921838 
  H       6.884735     -0.207079      0.908776 
  H       7.319123     -2.009550      0.995065 
  H       2.202671     -5.431986      0.896658 
  H       2.342512     -5.312783     -0.867479 
  H       1.086698     -6.334240     -0.142328 
  H      -1.080438     -6.356377      0.037607 
  H      -2.351601     -5.400493     -0.745938 
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  H      -2.212357     -5.411185      1.021573 
  C      -0.367586     -0.186306      1.900166 
  N      -0.580346     -0.286359      3.050616 
His–heme–CN, 162.5˚ α-meso–Fe–γ-meso angle 
  C       0.507851     -0.343690     -4.189847 
  N       1.320010      0.734440     -3.885836 
  C      -0.040536     -0.737028     -2.994368 
  C       1.243608      0.959612     -2.547528 
  N       0.424362      0.081276     -1.984618 
  H       0.399667     -0.721113     -5.199775 
  H       1.879241      1.267188     -4.543800 
  H      -0.729395     -1.547906     -2.786224 
  H       1.779734      1.746209     -2.027464 
  C      -2.445851     -2.418237     -0.059326 
  C      -2.300520      2.373994     -0.724494 
  C       2.145609      2.332467      1.177538 
  C       2.379100     -2.387021      0.134700 
  C      -2.833507     -1.105698     -0.294420 
  C      -4.184665     -0.689253     -0.609864 
  C      -4.123144      0.655601     -0.896062 
  C      -2.741521      1.058558     -0.705709 
  C      -5.235254      1.579848     -1.274961 
  C      -5.375381     -1.593272     -0.612520 
  C      -1.061738      2.806070     -0.255485 
  C      -0.725786      4.187384      0.011856 
  C       0.503375      4.178417      0.652645 
  C       0.918479      2.780944      0.710323 
  C      -1.572352      5.361310     -0.353875 
  C       1.300504      5.284599      1.150768 
  C       0.886164      6.528957      1.463350 
  C       2.636356      1.037395      1.016611 
  C       3.993279      0.631801      1.294862 
  C       4.095734     -0.693237      0.891953 
  C       2.764303     -1.082651      0.442064 
  C       5.036266      1.491069      1.930356 
  C       5.238677     -1.587083      0.938286 
  C       6.543610     -1.248914      0.959033 
  C       1.070568     -2.825047     -0.016796 
  C       0.671925     -4.226677     -0.025955 
  C      -0.700792     -4.240014      0.016447 
  C      -1.123967     -2.848327     -0.001059 
  C       1.620619     -5.381248     -0.025391 
  C      -1.629511     -5.410139      0.063681 
  N      -1.967171     -0.029564     -0.363993 
  N      -0.046657      1.968653      0.150110 
  N       1.914169     -0.008972      0.486337 
  N      -0.037123     -2.011469     -0.038624 
  Fe     -0.046810     -0.014047      0.051682 
  H      -3.228067     -3.176666     -0.014168 
  H      -3.027203      3.137119     -1.002775 
  H       2.817545      3.066552      1.619931 
  H       3.154443     -3.153067      0.135477 
  H      -6.152339      1.025493     -1.513872 
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  H      -4.976435      2.188643     -2.155708 
  H      -5.476965      2.279879     -0.458073 
  H      -5.573975     -2.000107      0.391790 
  H      -5.235277     -2.451998     -1.288208 
  H      -6.280608     -1.062749     -0.936249 
  H      -2.199493      5.695524      0.490351 
  H      -2.246748      5.130658     -1.190436 
  H      -0.945645      6.217074     -0.647687 
  H       2.364661      5.069125      1.296153 
  H      -0.156757      6.838206      1.403534 
  H       1.596934      7.273751      1.823599 
  H       4.587552      2.270886      2.561685 
  H       5.674189      1.997345      1.185649 
  H       5.701581      0.885508      2.563879 
  H       5.003480     -2.656950      0.951332 
  H       6.885753     -0.215428      0.904422 
  H       7.315411     -2.017937      1.011222 
  H       2.194704     -5.434366      0.914503 
  H       2.350509     -5.311550     -0.848033 
  H       1.088902     -6.335408     -0.136449 
  H      -1.079834     -6.359458      0.018706 
  H      -2.342722     -5.402824     -0.777074 
  H      -2.223587     -5.417481      0.991927 
  C      -0.369447     -0.187560      1.908382 
  N      -0.582125     -0.288371      3.058824 
His–heme–CN, 163.4˚ α-meso–Fe–γ-meso angle 
  C       0.511281     -0.343618     -4.182876 
  N       1.315492      0.740494     -3.878972 
  C      -0.035382     -0.739933     -2.987585 
  C       1.236462      0.965986     -2.540877 
  N       0.423009      0.082253     -1.978032 
  H       0.406602     -0.722478     -5.192642 
  H       1.871403      1.276793     -4.536869 
  H      -0.718633     -1.555584     -2.779629 
  H       1.766495      1.756787     -2.020937 
  C      -2.446469     -2.423496     -0.080143 
  C      -2.308480      2.374915     -0.702575 
  C       2.154318      2.338329      1.160414 
  C       2.376797     -2.390450      0.155964 
  C      -2.834726     -1.109355     -0.304363 
  C      -4.186111     -0.692971     -0.618577 
  C      -4.127277      0.655258     -0.888547 
  C      -2.746835      1.058769     -0.691363 
  C      -5.240736      1.581102     -1.259496 
  C      -5.374676     -1.599660     -0.633784 
  C      -1.067534      2.806995     -0.240230 
  C      -0.729405      4.189037      0.020590 
  C       0.507470      4.181913      0.646081 
  C       0.922738      2.784480      0.703221 
  C      -1.580215      5.362189     -0.337724 
  C       1.310685      5.289391      1.131312 
  C       0.900853      6.535511      1.442967 
  C       2.640783      1.040866      1.009482 
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  C       3.997569      0.635349      1.288248 
  C       4.095270     -0.694574      0.901055 
  C       2.762240     -1.085123      0.457510 
  C       5.044533      1.499108      1.910958 
  C       5.235621     -1.591290      0.956613 
  C       6.541534     -1.256620      0.968470 
  C       1.069121     -2.827436     -0.003061 
  C       0.671444     -4.229212     -0.020020 
  C      -0.701524     -4.243337      0.006024 
  C      -1.124892     -2.851773     -0.011322 
  C       1.620759     -5.383228     -0.012375 
  C      -1.630160     -5.413955      0.039795 
  N      -1.970408     -0.030876     -0.359247 
  N      -0.048388      1.970074      0.156736 
  N       1.913861     -0.009537      0.493162 
  N      -0.038247     -2.013601     -0.033500 
  Fe     -0.048765     -0.014606      0.059910 
  H      -3.227886     -3.183317     -0.046780 
  H      -3.037485      3.137994     -0.974746 
  H       2.830935      3.074688      1.591700 
  H       3.151508     -3.157056      0.162010 
  H      -6.156436      1.027317     -1.504999 
  H      -4.982090      2.199100     -2.133840 
  H      -5.484751      2.272597     -0.436054 
  H      -5.573981     -2.018675      0.365401 
  H      -5.231763     -2.450159     -1.319256 
  H      -6.280602     -1.067290     -0.952542 
  H      -2.192926      5.702020      0.514846 
  H      -2.268487      5.128150     -1.161838 
  H      -0.957322      6.215556     -0.646494 
  H       2.376150      5.073629      1.266435 
  H      -0.142295      6.845600      1.392446 
  H       1.616025      7.281020      1.792861 
  H       4.599722      2.287720      2.534052 
  H       5.681804      1.994793      1.158623 
  H       5.709849      0.899247      2.549906 
  H       4.997252     -2.660084      0.986481 
  H       6.886417     -0.225048      0.897381 
  H       7.311285     -2.027037      1.029789 
  H       2.185762     -5.437705      0.932875 
  H       2.358554     -5.311404     -0.827769 
  H       1.090714     -6.337475     -0.130528 
  H      -1.079460     -6.362875     -0.000677 
  H      -2.333571     -5.405399     -0.809147 
  H      -2.234956     -5.423653      0.961108 
  C      -0.372904     -0.187711      1.915963 
  N      -0.586568     -0.288400      3.066273 
His–heme–CN, 164.4˚ α-meso–Fe–γ-meso angle 
  C       0.522518     -0.342945     -4.176487 
  N       1.308512      0.754398     -3.872319 
  C      -0.019623     -0.746993     -2.981707 
  C       1.222929      0.980439     -2.534730 
  N       0.423022      0.084048     -1.972452 
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  H       0.425910     -0.724494     -5.186059 
  H       1.856622      1.299049     -4.529910 
  H      -0.689616     -1.573711     -2.774284 
  H       1.738273      1.780665     -2.014509 
  C      -2.445950     -2.428652     -0.102778 
  C      -2.317916      2.376272     -0.678511 
  C       2.162417      2.343117      1.140349 
  C       2.374700     -2.395981      0.179004 
  C      -2.835315     -1.113053     -0.316526 
  C      -4.187413     -0.697165     -0.627329 
  C      -4.132351      0.654836     -0.879051 
  C      -2.753156      1.059175     -0.676232 
  C      -5.248048      1.581977     -1.239787 
  C      -5.373375     -1.606912     -0.655206 
  C      -1.074293      2.808814     -0.224616 
  C      -0.733757      4.191575      0.030407 
  C       0.511758      4.185769      0.638062 
  C       0.926985      2.788003      0.692781 
  C      -1.589285      5.364416     -0.317471 
  C       1.322516      5.293995      1.108662 
  C       0.919576      6.543257      1.417039 
  C       2.645084      1.043381      1.000323 
  C       4.001301      0.638120      1.281450 
  C       4.094151     -0.697276      0.912288 
  C       2.760126     -1.089352      0.474444 
  C       5.052352      1.506643      1.890456 
  C       5.231652     -1.596941      0.980690 
  C       6.538476     -1.265915      0.979546 
  C       1.068068     -2.831839      0.010661 
  C       0.670651     -4.233737     -0.013715 
  C      -0.702285     -4.247922     -0.005626 
  C      -1.125112     -2.856058     -0.023776 
  C       1.620180     -5.387491      0.001882 
  C      -1.631275     -5.418575      0.013926 
  N      -1.973941     -0.032146     -0.356364 
  N      -0.050385      1.972314      0.160886 
  N       1.913781     -0.011751      0.499371 
  N      -0.038382     -2.017269     -0.029896 
  Fe     -0.049828     -0.016389      0.066060 
  H      -3.226692     -3.189610     -0.082338 
  H      -3.050382      3.138996     -0.942209 
  H       2.844256      3.081779      1.559323 
  H       3.148885     -3.162972      0.191477 
  H      -6.163303      1.028678     -1.488032 
  H      -4.992304      2.207640     -2.109529 
  H      -5.491527      2.266217     -0.410160 
  H      -5.572366     -2.039124      0.338464 
  H      -5.227804     -2.448324     -1.351271 
  H      -6.280535     -1.072915     -0.967720 
  H      -2.180473      5.713351      0.546566 
  H      -2.297407      5.126421     -1.123272 
  H      -0.971376      6.213485     -0.647779 
  H       2.388824      5.076358      1.233807 
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  H      -0.123062      6.856201      1.374987 
  H       1.640466      7.288642      1.755247 
  H       4.611666      2.303084      2.506498 
  H       5.687041      1.992936      1.129878 
  H       5.719305      0.912583      2.533069 
  H       4.989824     -2.663991      1.034503 
  H       6.885665     -0.237006      0.884790 
  H       7.306382     -2.037064      1.053747 
  H       2.176351     -5.442677      0.952258 
  H       2.365569     -5.314371     -0.806491 
  H       1.091576     -6.341760     -0.122438 
  H      -1.079914     -6.367395     -0.019149 
  H      -2.322612     -5.409791     -0.844855 
  H      -2.249019     -5.429066      0.926655 
  C      -0.379981     -0.185284      1.921220 
  N      -0.597336     -0.283686      3.071051 
His–heme–CN, 165.4˚ α-meso–Fe–γ-meso angle 
  C       0.525142     -0.344372     -4.168933 
  N       1.301940      0.759805     -3.865864 
  C      -0.015055     -0.750611     -2.974044 
  C       1.214314      0.986578     -2.528578 
  N       0.421148      0.084678     -1.965434 
  H       0.432173     -0.728089     -5.178028 
  H       1.845860      1.308118     -4.523894 
  H      -0.678881     -1.582152     -2.766139 
  H       1.723151      1.791515     -2.009231 
  C      -2.446318     -2.433661     -0.124012 
  C      -2.324359      2.376623     -0.657851 
  C       2.171437      2.348736      1.123398 
  C       2.371972     -2.398683      0.199500 
  C      -2.836031     -1.116565     -0.326663 
  C      -4.188067     -0.700175     -0.636939 
  C      -4.135150      0.654602     -0.872965 
  C      -2.757153      1.059026     -0.662942 
  C      -5.251813      1.583493     -1.226253 
  C      -5.372309     -1.611666     -0.676936 
  C      -1.079073      2.809220     -0.209578 
  C      -0.736806      4.192673      0.039144 
  C       0.515540      4.188778      0.632375 
  C       0.931377      2.791206      0.686722 
  C      -1.596337      5.364703     -0.301696 
  C       1.331162      5.298216      1.091449 
  C       0.931810      6.548732      1.399523 
  C       2.649271      1.046671      0.992960 
  C       4.005383      0.641169      1.274037 
  C       4.093546     -0.698401      0.919875 
  C       2.757805     -1.091238      0.488584 
  C       5.060212      1.513542      1.870991 
  C       5.228680     -1.600525      0.995891 
  C       6.536348     -1.273159      0.986712 
  C       1.066336     -2.833577      0.024578 
  C       0.670170     -4.235518     -0.006971 
  C      -0.702597     -4.250480     -0.014933 
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  C      -1.125938     -2.858880     -0.033366 
  C       1.620185     -5.388726      0.016509 
  C      -1.631132     -5.421608     -0.008014 
  N      -1.976183     -0.033848     -0.352191 
  N      -0.051361      1.973387      0.167815 
  N       1.913141     -0.011788      0.505046 
  N      -0.039772     -2.018666     -0.024738 
  Fe     -0.051599     -0.017076      0.074264 
  H      -3.226074     -3.195776     -0.113902 
  H      -3.058768      3.139301     -0.916143 
  H       2.857264      3.088893      1.533060 
  H       3.145509     -3.166198      0.217402 
  H      -6.166014      1.031238     -1.480683 
  H      -4.996005      2.217592     -2.089811 
  H      -5.497136      2.259616     -0.390559 
  H      -5.572469     -2.054830      0.311682 
  H      -5.224067     -2.445347     -1.381717 
  H      -6.279793     -1.075825     -0.985372 
  H      -2.175365      5.717394      0.569035 
  H      -2.315512      5.124234     -1.096799 
  H      -0.982578      6.212165     -0.643700 
  H       2.398532      5.080483      1.207168 
  H      -0.110959      6.862257      1.366237 
  H       1.656301      7.294741      1.728527 
  H       4.623114      2.316975      2.480452 
  H       5.693418      1.990866      1.103551 
  H       5.727979      0.924466      2.517338 
  H       4.983926     -2.666050      1.064046 
  H       6.885990     -0.246472      0.877917 
  H       7.302399     -2.045417      1.068258 
  H       2.166756     -5.444799      0.972338 
  H       2.373673     -5.313872     -0.784151 
  H       1.093498     -6.343162     -0.114565 
  H      -1.078855     -6.370050     -0.035661 
  H      -2.312237     -5.412191     -0.874902 
  H      -2.259658     -5.433576      0.897333 
  C      -0.383354     -0.185701      1.928982 
  N      -0.601712     -0.283931      3.078707 
His–heme–CN, 166.3˚ α-meso–Fe–γ-meso angle 
 
  C       0.723504     -0.429154     -4.147280 
  N       1.158124      0.862033     -3.908712 
  C       0.276580     -0.894561     -2.935384 
  C       0.965099      1.139251     -2.591718 
  N       0.432336      0.089350     -1.979385 
  H       0.772281     -0.885066     -5.129193 
  H       1.553899      1.496874     -4.594125 
  H      -0.142039     -1.861184     -2.680746 
  H       1.214698      2.083854     -2.121712 
  C      -2.439204     -2.427937     -0.156474 
  C      -2.340677      2.393596     -0.617534 
  C       2.182094      2.338812      1.078433 
  C       2.372090     -2.428330      0.227812 
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  C      -2.827722     -1.107686     -0.355187 
  C      -4.181716     -0.692862     -0.656937 
  C      -4.138590      0.668771     -0.862871 
  C      -2.765815      1.073982     -0.643986 
  C      -5.261160      1.597499     -1.198835 
  C      -5.360715     -1.609539     -0.716253 
  C      -1.090880      2.822589     -0.181164 
  C      -0.742185      4.204567      0.070767 
  C       0.525370      4.191680      0.628190 
  C       0.938550      2.789226      0.659818 
  C      -1.610275      5.381016     -0.232521 
  C       1.356970      5.293514      1.075710 
  C       0.971831      6.545090      1.397954 
  C       2.650167      1.032594      0.962077 
  C       4.005186      0.629191      1.245319 
  C       4.089670     -0.720334      0.922749 
  C       2.755991     -1.117761      0.504272 
  C       5.066305      1.508695      1.819181 
  C       5.222531     -1.623669      1.021516 
  C       6.530787     -1.300920      0.989203 
  C       1.066047     -2.853591      0.049750 
  C       0.659734     -4.252396      0.016958 
  C      -0.711020     -4.254651     -0.018163 
  C      -1.124536     -2.857195     -0.044900 
  C       1.601830     -5.411781      0.062826 
  C      -1.649609     -5.417152     -0.026208 
  N      -1.975977     -0.023964     -0.360943 
  N      -0.053954      1.980257      0.158448 
  N       1.908513     -0.036792      0.502902 
  N      -0.031873     -2.023862     -0.017974 
  Fe     -0.043324     -0.027205      0.065258 
  H      -3.220815     -3.188254     -0.160965 
  H      -3.083197      3.156496     -0.850961 
  H       2.879360      3.076632      1.472959 
  H       3.143761     -3.197142      0.254449 
  H      -6.179153      1.044485     -1.437194 
  H      -5.020811      2.229556     -2.068425 
  H      -5.493270      2.275130     -0.360707 
  H      -5.541011     -2.094888      0.256281 
  H      -5.217589     -2.412494     -1.456966 
  H      -6.276598     -1.068143     -0.987662 
  H      -2.155631      5.731306      0.660607 
  H      -2.359538      5.147719     -1.001556 
  H      -1.007600      6.228806     -0.593223 
  H       2.425109      5.068563      1.168183 
  H      -0.069491      6.864827      1.386951 
  H       1.707395      7.285016      1.715964 
  H       4.636544      2.322376      2.420075 
  H       5.690900      1.972736      1.036805 
  H       5.740299      0.928119      2.466504 
  H       4.974347     -2.684846      1.131423 
  H       6.882008     -0.280023      0.838807 
  H       7.295422     -2.071979      1.092490 
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  H       2.140907     -5.459714      1.023259 
  H       2.362067     -5.352576     -0.732987 
  H       1.069574     -6.364094     -0.060937 
  H      -1.106193     -6.370716     -0.000483 
  H      -2.287122     -5.425173     -0.925757 
  H      -2.322414     -5.398252      0.846671 
  C      -0.437225     -0.132439      1.913707 
  N      -0.688980     -0.196851      3.058992 
His–heme–CN, 167.3˚ α-meso–Fe–γ-meso angle 
  C       0.721824     -0.433765     -4.141462 
  N       1.148393      0.860803     -3.906719 
  C       0.279682     -0.899114     -2.927771 
  C       0.955375      1.140024     -2.590101 
  N       0.430475      0.088192     -1.974473 
  H       0.772133     -0.891740     -5.122341 
  H       1.539293      1.496447     -4.594184 
  H      -0.132397     -1.867736     -2.670168 
  H       1.200155      2.087360     -2.123069 
  C      -2.437749     -2.431310     -0.179750 
  C      -2.347353      2.394834     -0.595580 
  C       2.190512      2.344636      1.058907 
  C       2.369672     -2.430533      0.249846 
  C      -2.827008     -1.109757     -0.367027 
  C      -4.181389     -0.694977     -0.666653 
  C      -4.141337      0.669160     -0.855236 
  C      -2.769650      1.074628     -0.630347 
  C      -5.265701      1.599136     -1.181582 
  C      -5.358036     -1.613746     -0.738729 
  C      -1.095413      2.824039     -0.166673 
  C      -0.745114      4.206599      0.079950 
  C       0.529399      4.195428      0.620842 
  C       0.943161      2.793114      0.650504 
  C      -1.617441      5.382344     -0.213656 
  C       1.366282      5.298358      1.055764 
  C       0.984385      6.549585      1.383244 
  C       2.654609      1.036376      0.953078 
  C       4.009191      0.632962      1.237843 
  C       4.089008     -0.720704      0.932294 
  C       2.754074     -1.118984      0.519376 
  C       5.074130      1.516363      1.798528 
  C       5.219095     -1.626277      1.041718 
  C       6.528345     -1.308198      1.004312 
  C       1.064753     -2.855070      0.063348 
  C       0.659628     -4.254045      0.023042 
  C      -0.710397     -4.256887     -0.029265 
  C      -1.123982     -2.859462     -0.056419 
  C       1.601819     -5.413029      0.077195 
  C      -1.648457     -5.419693     -0.050573 
  N      -1.977419     -0.024311     -0.357943 
  N      -0.054609      1.982293      0.162927 
  N       1.908463     -0.036184      0.507928 
  N      -0.032360     -2.025284     -0.013561 
  Fe     -0.044220     -0.027111      0.071372 
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  H      -3.218329     -3.192450     -0.196936 
  H      -3.092455      3.157470     -0.821454 
  H       2.891934      3.084302      1.442433 
  H       3.140594     -3.199815      0.282959 
  H      -6.181808      1.046673     -1.428396 
  H      -5.025470      2.242435     -2.042862 
  H      -5.501013      2.265775     -0.335575 
  H      -5.537239     -2.112844      0.227057 
  H      -5.213085     -2.406188     -1.490377 
  H      -6.275186     -1.070815     -1.002697 
  H      -2.153746      5.731511      0.685359 
  H      -2.374503      5.149132     -0.975037 
  H      -1.019261      6.230876     -0.579938 
  H       2.435966      5.074692      1.132558 
  H      -0.057459      6.867838      1.387698 
  H       1.723559      7.290591      1.690176 
  H       4.648073      2.339816      2.388532 
  H       5.699442      1.967282      1.009118 
  H       5.746611      0.942170      2.453110 
  H       4.967605     -2.685059      1.166029 
  H       6.882795     -0.290543      0.840289 
  H       7.290447     -2.080420      1.117276 
  H       2.129628     -5.462888      1.043713 
  H       2.371230     -5.351320     -0.709542 
  H       1.071568     -6.365316     -0.055225 
  H      -1.104876     -6.373073     -0.021721 
  H      -2.276606     -5.425536     -0.956656 
  H      -2.330273     -5.403477      0.815373 
  C      -0.439894     -0.131349      1.919004 
  N      -0.692102     -0.195202      3.064243 
 
His–heme–CN, 168.2˚ α-meso–Fe–γ-meso angle 
 
  C       0.727474     -0.439275     -4.135987 
  N       1.139860      0.860598     -3.905100 
  C       0.289587     -0.905525     -2.921107 
  C       0.942830      1.141932     -2.589575 
  N       0.428932      0.086448     -1.970878 
  H       0.783447     -0.899796     -5.115367 
  H       1.524593      1.498163     -4.594269 
  H      -0.112082     -1.877741     -2.660678 
  H       1.177175      2.093263     -2.125314 
  C      -2.436153     -2.434015     -0.204321 
  C      -2.354687      2.396433     -0.572857 
  C       2.198845      2.350078      1.037698 
  C       2.366694     -2.433163      0.272661 
  C      -2.826354     -1.111397     -0.380844 
  C      -4.181168     -0.696760     -0.678215 
  C      -4.144577      0.669819     -0.848465 
  C      -2.774081      1.075650     -0.617259 
  C      -5.270876      1.600960     -1.164644 
  C      -5.355248     -1.617651     -0.763960 
  C      -1.100510      2.825595     -0.151629 
223 
 
  C      -0.748697      4.208619      0.090833 
  C       0.532970      4.198870      0.613984 
  C       0.947635      2.796774      0.640127 
  C      -1.625613      5.383800     -0.190945 
  C       1.375188      5.302838      1.035994 
  C       0.996343      6.552724      1.371975 
  C       2.659229      1.039991      0.941930 
  C       4.013360      0.636558      1.228113 
  C       4.088280     -0.721231      0.940401 
  C       2.751984     -1.120438      0.533531 
  C       5.082319      1.523784      1.775013 
  C       5.215616     -1.628945      1.060419 
  C       6.525759     -1.315587      1.015955 
  C       1.062884     -2.856965      0.078061 
  C       0.658479     -4.256038      0.031900 
  C      -0.710550     -4.258952     -0.038604 
  C      -1.123642     -2.861412     -0.068301 
  C       1.600281     -5.414838      0.096302 
  C      -1.648284     -5.421780     -0.072584 
  N      -1.979315     -0.024124     -0.356485 
  N      -0.055381      1.984346      0.166131 
  N       1.908587     -0.035698      0.511255 
  N      -0.032876     -2.026776     -0.009935 
  Fe     -0.044965     -0.026762      0.076131 
  H      -3.215622     -3.195895     -0.234002 
  H      -3.102461      3.159005     -0.789934 
  H       2.904134      3.091518      1.410587 
  H       3.136638     -3.203025      0.313457 
  H      -6.185920      1.049290     -1.417151 
  H      -5.032060      2.253797     -2.019069 
  H      -5.507293      2.258062     -0.311529 
  H      -5.532564     -2.132239      0.194048 
  H      -5.208707     -2.397913     -1.527992 
  H      -6.274003     -1.073122     -1.018908 
  H      -2.152743      5.730027      0.714590 
  H      -2.390532      5.151790     -0.944804 
  H      -1.032258      6.233934     -0.561211 
  H       2.446548      5.081192      1.093644 
  H      -0.046088      6.868331      1.395479 
  H       1.739033      7.295053      1.666980 
  H       4.660205      2.355517      2.356097 
  H       5.706432      1.963333      0.978305 
  H       5.755003      0.955681      2.434665 
  H       4.960888     -2.684924      1.200661 
  H       6.882998     -0.301529      0.836559 
  H       7.285595     -2.088577      1.138588 
  H       2.116586     -5.465254      1.068925 
  H       2.378941     -5.352062     -0.681176 
  H       1.071901     -6.367143     -0.043378 
  H      -1.104917     -6.375080     -0.037597 
  H      -2.265248     -5.427119     -0.986278 
  H      -2.340678     -5.406292      0.784974 
  C      -0.442232     -0.128548      1.923196 
224 
 
  N      -0.694899     -0.191150      3.068432 
His–heme–CN, 169.2˚ α-meso–Fe–γ-meso angle 
  C       0.734527     -0.445201     -4.130658 
  N       1.132983      0.859674     -3.903469 
  C       0.300050     -0.912125     -2.914816 
  C       0.931213      1.143197     -2.589169 
  N       0.427595      0.084388     -1.967657 
  H       0.796638     -0.908269     -5.108468 
  H       1.512097      1.498952     -4.594169 
  H      -0.091667     -1.887670     -2.651752 
  H       1.155117      2.098351     -2.127617 
  C      -2.434332     -2.436315     -0.229203 
  C      -2.362181      2.397937     -0.549696 
  C       2.206968      2.355373      1.015807 
  C       2.363438     -2.435608      0.295723 
  C      -2.825613     -1.112768     -0.395066 
  C      -4.180922     -0.698321     -0.690123 
  C      -4.147956      0.670485     -0.841599 
  C      -2.778657      1.076665     -0.604088 
  C      -5.276250      1.602704     -1.147267 
  C      -5.352230     -1.621335     -0.790078 
  C      -1.105710      2.827040     -0.136372 
  C      -0.752453      4.210481      0.102123 
  C       0.536265      4.202148      0.607079 
  C       0.951924      2.800323      0.629288 
  C      -1.633952      5.385094     -0.167245 
  C       1.383639      5.307184      1.016027 
  C       1.007786      6.555282      1.361798 
  C       2.663762      1.043576      0.930090 
  C       4.017466      0.640132      1.217674 
  C       4.087449     -0.721567      0.948089 
  C       2.749741     -1.121701      0.547476 
  C       5.090417      1.531051      1.750663 
  C       5.212035     -1.631274      1.078844 
  C       6.523029     -1.322813      1.026733 
  C       1.060790     -2.858716      0.093043 
  C       0.657043     -4.257837      0.041353 
  C      -0.710749     -4.260691     -0.047554 
  C      -1.123236     -2.863039     -0.080210 
  C       1.598174     -5.416561      0.116519 
  C      -1.648124     -5.423415     -0.094173 
  N      -1.981263     -0.023828     -0.355289 
  N      -0.056226      1.986340      0.168989 
  N       1.908623     -0.035114      0.514143 
  N      -0.033451     -2.028078     -0.006437 
  Fe     -0.045663     -0.026319      0.080481 
  H      -3.212558     -3.198867     -0.271390 
  H      -3.112630      3.160448     -0.757577 
  H       2.916005      3.098563      1.378007 
  H       3.132351     -3.206014      0.344493 
  H      -6.190901      1.051902     -1.403090 
  H      -5.039958      2.263548     -1.996197 
  H      -5.512050      2.251658     -0.287794 
225 
 
  H      -5.526666     -2.152934      0.159158 
  H      -5.204470     -2.387862     -1.567715 
  H      -6.272966     -1.075274     -1.034381 
  H      -2.152331      5.727528      0.744741 
  H      -2.406274      5.154694     -0.914030 
  H      -1.045445      6.237235     -0.540475 
  H       2.456467      5.087980      1.053172 
  H      -0.035005      6.867630      1.405816 
  H       1.753721      7.299122      1.644552 
  H       4.672244      2.370242      2.323760 
  H       5.712506      1.960148      0.946729 
  H       5.764079      0.968813      2.414300 
  H       4.954100     -2.684112      1.235637 
  H       6.882934     -0.312689      0.831292 
  H       7.280661     -2.096352      1.159216 
  H       2.102868     -5.467188      1.095145 
  H       2.385998     -5.353173     -0.651594 
  H       1.071632     -6.368869     -0.030005 
  H      -1.105252     -6.376701     -0.051762 
  H      -2.252894     -5.428858     -1.015944 
  H      -2.351836     -5.407849      0.754144 
  C      -0.444601     -0.125219      1.927035 
  N      -0.697893     -0.186334      3.072241 
His–heme–CN, 170.2˚ α-meso–Fe–γ-meso angle 
 
  C       0.742420     -0.451207     -4.125342 
  N       1.126705      0.858576     -3.901926 
  C       0.310861     -0.918600     -2.908644 
  C       0.919998      1.144287     -2.588903 
  N       0.426507      0.082327     -1.964601 
  H       0.810986     -0.916855     -5.101493 
  H       1.500263      1.499479     -4.594152 
  H      -0.071036     -1.897311     -2.642968 
  H       1.133387      2.103165     -2.130104 
  C      -2.432255     -2.438320     -0.254323 
  C      -2.369735      2.399251     -0.526094 
  C       2.214826      2.360471      0.993503 
  C       2.359913     -2.437824      0.318923 
  C      -2.824767     -1.113963     -0.409452 
  C      -4.180623     -0.699710     -0.701998 
  C      -4.151419      0.671090     -0.834319 
  C      -2.783303      1.077583     -0.590654 
  C      -5.281776      1.604302     -1.129034 
  C      -5.349000     -1.624769     -0.816667 
  C      -1.110902      2.828336     -0.120991 
  C      -0.756188      4.212194      0.113460 
  C       0.539427      4.205277      0.599862 
  C       0.956055      2.803740      0.618047 
  C      -1.642169      5.386219     -0.143212 
  C       1.391836      5.311429      0.995406 
  C       1.019151      6.557510      1.351620 
  C       2.668138      1.047059      0.917940 
  C       4.021402      0.643600      1.207032 
226 
 
  C       4.086461     -0.721766      0.955737 
  C       2.747328     -1.122772      0.561384 
  C       5.098285      1.538062      1.726079 
  C       5.208285     -1.633329      1.097311 
  C       6.520107     -1.329925      1.037650 
  C       1.058515     -2.860306      0.108026 
  C       0.655446     -4.259453      0.050954 
  C      -0.710870     -4.262213     -0.056484 
  C      -1.122714     -2.864462     -0.092313 
  C       1.595704     -5.418142      0.137204 
  C      -1.647743     -5.424817     -0.115801 
  N      -1.983194     -0.023516     -0.354191 
  N      -0.057130      1.988240      0.171637 
  N       1.908566     -0.034460      0.516821 
  N      -0.034091     -2.029231     -0.003199 
  Fe     -0.046408     -0.025870      0.084569 
  H      -3.209103     -3.201477     -0.309027 
  H      -3.122856      3.161664     -0.724467 
  H       2.927494      3.105401      1.344913 
  H       3.127740     -3.208735      0.375892 
  H      -6.196616      1.054412     -1.386138 
  H      -5.048999      2.271965     -1.973583 
  H      -5.515429      2.246215     -0.263740 
  H      -5.519722     -2.174643      0.122807 
  H      -5.200361     -2.376101     -1.608892 
  H      -6.272019     -1.077323     -1.048924 
  H      -2.151981      5.724436      0.775131 
  H      -2.421635      5.157617     -0.883122 
  H      -1.058507      6.240552     -0.518861 
  H       2.465801      5.094913      1.011099 
  H      -0.023630      6.866257      1.417152 
  H       1.768132      7.302995      1.621715 
  H       4.684010      2.384328      2.291496 
  H       5.718036      1.957049      0.915052 
  H       5.773218      0.981629      2.393268 
  H       4.947148     -2.682762      1.270572 
  H       6.882643     -0.323982      0.826245 
  H       7.275536     -2.103874      1.180001 
  H       2.088573     -5.468824      1.121774 
  H       2.392691     -5.354340     -0.621327 
  H       1.071051     -6.370449     -0.016038 
  H      -1.105524     -6.378095     -0.065442 
  H      -2.239780     -5.430588     -1.045758 
  H      -2.363031     -5.408887      0.722789 
  C      -0.447053     -0.122011      1.930611 
  N      -0.701104     -0.181684      3.075749 
His–heme–CN, 171.1˚ α-meso–Fe–γ-meso angle 
  C       0.750996     -0.456816     -4.120062 
  N       1.120799      0.857765     -3.900352 
  C       0.322393     -0.924806     -2.902556 
  C       0.908800      1.145551     -2.588664 
  N       0.425626      0.080428     -1.961622 
  H       0.826289     -0.924928     -5.094538 
227 
 
  H       1.488761      1.500328     -4.594041 
  H      -0.049371     -1.906693     -2.634298 
  H       1.111347      2.108078     -2.132612 
  C      -2.429945     -2.440111     -0.279614 
  C      -2.377315      2.400295     -0.501984 
  C       2.222392      2.365327      0.970918 
  C       2.356071     -2.439855      0.342318 
  C      -2.823835     -1.115066     -0.423944 
  C      -4.180259     -0.701016     -0.713862 
  C      -4.154923      0.671543     -0.826622 
  C      -2.787989      1.078319     -0.576899 
  C      -5.287418      1.605654     -1.109913 
  C      -5.345584     -1.627965     -0.843796 
  C      -1.116074      2.829424     -0.105413 
  C      -0.759864      4.213716      0.124855 
  C       0.542469      4.208232      0.592356 
  C       0.960015      2.806982      0.606513 
  C      -1.650194      5.387139     -0.118918 
  C       1.399818      5.315568      0.974013 
  C       1.030586      6.559517      1.340992 
  C       2.672349      1.050400      0.905567 
  C       4.025165      0.646942      1.196201 
  C       4.085312     -0.721852      0.963327 
  C       2.744731     -1.123691      0.575270 
  C       5.105956      1.544788      1.701203 
  C       5.204379     -1.635117      1.115693 
  C       6.517020     -1.336897      1.048904 
  C       1.056012     -2.861789      0.123078 
  C       0.653630     -4.260961      0.060752 
  C      -0.710952     -4.263612     -0.065421 
  C      -1.122105     -2.865769     -0.104569 
  C       1.592796     -5.419654      0.158455 
  C      -1.647161     -5.426084     -0.137568 
  N      -1.985108     -0.023268     -0.353100 
  N      -0.058109      1.989992      0.174195 
  N       1.908410     -0.033779      0.519337 
  N      -0.034832     -2.030308     -0.000162 
  Fe     -0.047257     -0.025478      0.088480 
  H      -3.205284     -3.203806     -0.346842 
  H      -3.133095      3.162563     -0.690604 
  H       2.938570      3.111987      1.311440 
  H       3.122748     -3.211238      0.407690 
  H      -6.202966      1.056678     -1.366432 
  H      -5.059087      2.279120     -1.951072 
  H      -5.517505      2.241504     -0.239245 
  H      -5.512326     -2.196726      0.085102 
  H      -5.196117     -2.363079     -1.650997 
  H      -6.271006     -1.079376     -1.063406 
  H      -2.151516      5.720871      0.805692 
  H      -2.436626      5.160462     -0.852049 
  H      -1.071355      6.243772     -0.496611 
  H       2.474517      5.101927      0.967434 
  H      -0.011733      6.864446      1.428819 
228 
 
  H       1.782432      7.306780      1.597903 
  H       4.695585      2.398007      2.258907 
  H       5.723289      1.953636      0.883197 
  H       5.782236      0.994195      2.371826 
  H       4.940055     -2.680962      1.304930 
  H       6.882241     -0.335311      0.822068 
  H       7.270205     -2.111189      1.200988 
  H       2.073443     -5.470327      1.148990 
  H       2.399080     -5.355558     -0.590116 
  H       1.070117     -6.371946     -0.001564 
  H      -1.105720     -6.379366     -0.079367 
  H      -2.226310     -5.432046     -1.075563 
  H      -2.373924     -5.409880      0.691101 
  C      -0.449496     -0.119112      1.934030 
  N      -0.704306     -0.177470      3.079092 
His–heme–CN, 172.1˚ α-meso–Fe–γ-meso angle 
  C       0.759941     -0.462134     -4.114957 
  N       1.114395      0.857322     -3.899161 
  C       0.334514     -0.930768     -2.896591 
  C       0.897079      1.147099     -2.588815 
  N       0.424865      0.078741     -1.958880 
  H       0.842236     -0.932702     -5.087683 
  H       1.476312      1.501631     -4.594415 
  H      -0.026566     -1.915881     -2.625613 
  H       1.088274      2.113300     -2.135657 
  C      -2.427332     -2.441645     -0.305140 
  C      -2.384880      2.401078     -0.477411 
  C       2.229717      2.369913      0.947977 
  C       2.352011     -2.441709      0.365899 
  C      -2.822757     -1.116028     -0.438511 
  C      -4.179784     -0.702176     -0.725722 
  C      -4.158414      0.671874     -0.818559 
  C      -2.792671      1.078892     -0.562796 
  C      -5.293111      1.606770     -1.090015 
  C      -5.341960     -1.630812     -0.871367 
  C      -1.121193      2.830314     -0.089648 
  C      -0.763445      4.215033      0.136285 
  C       0.545418      4.210955      0.584577 
  C       0.963815      2.810000      0.594683 
  C      -1.657971      5.387841     -0.094424 
  C       1.407583      5.319469      0.952076 
  C       1.042149      6.561214      1.330014 
  C       2.676440      1.053572      0.892924 
  C       4.028791      0.650122      1.185283 
  C       4.084078     -0.721849      0.970966 
  C       2.742038     -1.124474      0.589168 
  C       5.113425      1.551191      1.676221 
  C       5.200383     -1.636658      1.134184 
  C       6.513847     -1.343740      1.060822 
  C       1.053371     -2.863154      0.138195 
  C       0.651689     -4.262328      0.070679 
  C      -0.710903     -4.264821     -0.074398 
  C      -1.121325     -2.866900     -0.117037 
229 
 
  C       1.589508     -5.421083      0.180171 
  C      -1.646277     -5.427157     -0.159480 
  N      -1.986956     -0.023055     -0.351925 
  N      -0.059158      1.991579      0.176676 
  N       1.908240     -0.033097      0.521639 
  N      -0.035586     -2.031272      0.002689 
  Fe     -0.048147     -0.025134      0.092143 
  H      -3.201012     -3.205815     -0.384942 
  H      -3.143289      3.163136     -0.656085 
  H       2.949295      3.118300      1.277445 
  H       3.117449     -3.213542      0.439923 
  H      -6.209747      1.058669     -1.344477 
  H      -5.070001      2.285295     -1.928528 
  H      -5.518520      2.237285     -0.214308 
  H      -5.505445     -2.217779      0.046732 
  H      -5.191063     -2.349787     -1.692758 
  H      -6.269610     -1.081474     -1.079330 
  H      -2.150745      5.716976      0.836377 
  H      -2.451296      5.163121     -0.820735 
  H      -1.083971      6.246800     -0.474025 
  H       2.482547      5.108763      0.922825 
  H       0.000816      6.862248      1.440565 
  H       1.796677      7.310280      1.573499 
  H       4.706915      2.411427      2.225846 
  H       5.728533      1.949595      0.851413 
  H       5.790883      1.006569      2.350483 
  H       4.932868     -2.678756      1.338883 
  H       6.881830     -0.346666      0.819118 
  H       7.264731     -2.118314      1.222583 
  H       2.057417     -5.471797      1.176730 
  H       2.405296     -5.356751     -0.557953 
  H       1.068897     -6.373323      0.013161 
  H      -1.105686     -6.380458     -0.093986 
  H      -2.212712     -5.432939     -1.105165 
  H      -2.384131     -5.411006      0.659334 
  C      -0.451617     -0.116583      1.937272 
  N      -0.707020     -0.173774      3.082281 
His–heme–CN, 173.1˚ α-meso–Fe–γ-meso angle 
  C       0.774665     -0.468458     -4.108782 
  N       1.104644      0.858243     -3.898759 
  C       0.354057     -0.938475     -2.889265 
  C       0.879203      1.150443     -2.590357 
  N       0.424399      0.076964     -1.956201 
  H       0.868118     -0.942330     -5.078891 
  H       1.456841      1.505451     -4.596314 
  H       0.009767     -1.928449     -2.614256 
  H       1.052448      2.121937     -2.141360 
  C      -2.424537     -2.442721     -0.331214 
  C      -2.392587      2.401766     -0.451890 
  C       2.236819      2.374113      0.924633 
  C       2.347476     -2.443472      0.389756 
  C      -2.821710     -1.116661     -0.453429 
  C      -4.179435     -0.702994     -0.737499 
230 
 
  C      -4.162187      0.672296     -0.809661 
  C      -2.797566      1.079462     -0.548075 
  C      -5.299172      1.607953     -1.068368 
  C      -5.338361     -1.633058     -0.899416 
  C      -1.126246      2.831138     -0.073766 
  C      -0.766793      4.216272      0.147685 
  C       0.548526      4.213509      0.576068 
  C       0.967717      2.812848      0.581895 
  C      -1.665425      5.388484     -0.069372 
  C       1.415589      5.323281      0.928428 
  C       1.054374      6.562304      1.318911 
  C       2.680406      1.056447      0.880084 
  C       4.032206      0.652946      1.174327 
  C       4.082558     -0.721967      0.978794 
  C       2.739044     -1.125236      0.603154 
  C       5.120781      1.557025      1.650875 
  C       5.196011     -1.638248      1.152978 
  C       6.510325     -1.350916      1.073327 
  C       1.050415     -2.864494      0.153049 
  C       0.649336     -4.263638      0.080484 
  C      -0.710982     -4.265861     -0.084025 
  C      -1.120515     -2.867844     -0.130414 
  C       1.585421     -5.422568      0.202597 
  C      -1.645386     -5.427995     -0.182304 
  N      -1.988941     -0.022723     -0.350799 
  N      -0.060092      1.993147      0.178477 
  N       1.907924     -0.032467      0.523875 
  N      -0.036434     -2.032207      0.004631 
  Fe     -0.049095     -0.024781      0.095383 
  H      -3.196446     -3.207262     -0.423791 
  H      -3.153655      3.163610     -0.619975 
  H       2.959696      3.124269      1.242798 
  H       3.111579     -3.215715      0.472790 
  H      -6.218085      1.060679     -1.316277 
  H      -5.083465      2.289082     -1.906775 
  H      -5.516592      2.235687     -0.188710 
  H      -5.499703     -2.237302      0.007805 
  H      -5.185214     -2.336237     -1.733986 
  H      -6.267970     -1.083305     -1.097235 
  H      -2.150310      5.711922      0.867520 
  H      -2.465064      5.166296     -0.789567 
  H      -1.096128      6.250251     -0.449490 
  H       2.490316      5.116057      0.873974 
  H       0.014621      6.858701      1.454643 
  H       1.811375      7.313507      1.547754 
  H       4.718283      2.424381      2.192142 
  H       5.733616      1.944632      0.819259 
  H       5.799401      1.018516      2.328832 
  H       4.925204     -2.676371      1.372909 
  H       6.881241     -0.358597      0.817034 
  H       7.258755     -2.125787      1.244763 
  H       2.039501     -5.473398      1.205467 
  H       2.411320     -5.358124     -0.524105 
231 
 
  H       1.067011     -6.374680      0.028087 
  H      -1.105688     -6.381357     -0.110457 
  H      -2.199475     -5.432920     -1.135227 
  H      -2.393791     -5.412475      0.626890 
  C      -0.453941     -0.113795      1.940121 
  N      -0.710030     -0.169695      3.085059 
His–heme–CN, 174.0˚ α-meso–Fe–γ-meso angle 
  C       0.781175     -0.472456     -4.104646 
  N       1.099669      0.857568     -3.897804 
  C       0.362987     -0.942695     -2.884399 
  C       0.870422      1.151263     -2.590427 
  N       0.423864      0.075726     -1.953894 
  H       0.879725     -0.948129     -5.073367 
  H       1.447203      1.505902     -4.596655 
  H       0.026595     -1.934780     -2.607234 
  H       1.035198      2.125360     -2.143868 
  C      -2.421241     -2.443897     -0.357175 
  C      -2.399817      2.401835     -0.426702 
  C       2.243650      2.378280      0.901509 
  C       2.342979     -2.444737      0.413556 
  C      -2.820168     -1.117490     -0.468174 
  C      -4.178509     -0.704006     -0.749355 
  C      -4.165376      0.672208     -0.800987 
  C      -2.801952      1.079524     -0.533507 
  C      -5.304730      1.608291     -1.047177 
  C      -5.334321     -1.635157     -0.926952 
  C      -1.131098      2.831433     -0.057577 
  C      -0.770184      4.217044      0.159197 
  C       0.551054      4.215774      0.568358 
  C       0.971066      2.815422      0.570291 
  C      -1.672674      5.388520     -0.045213 
  C       1.422356      5.326738      0.906619 
  C       1.065529      6.563900      1.306788 
  C       2.684279      1.059420      0.867121 
  C       4.035616      0.655926      1.163160 
  C       4.081173     -0.721638      0.986293 
  C       2.736161     -1.125563      0.616964 
  C       5.127943      1.562807      1.625729 
  C       5.191851     -1.639183      1.171265 
  C       6.506996     -1.357247      1.086370 
  C       1.047468     -2.865376      0.168464 
  C       0.647295     -4.264533      0.090635 
  C      -0.710456     -4.266701     -0.093181 
  C      -1.119334     -2.868667     -0.143030 
  C       1.581617     -5.423541      0.225046 
  C      -1.643456     -5.428812     -0.204912 
  N      -1.990387     -0.022734     -0.349678 
  N      -0.061257      1.994254      0.181429 
  N       1.907704     -0.031619      0.525797 
  N      -0.037275     -2.032811      0.007578 
  Fe     -0.050057     -0.024499      0.098805 
  H      -3.191237     -3.208755     -0.462228 
  H      -3.163393      3.163318     -0.584768 
232 
 
  H       2.969638      3.130075      1.208578 
  H       3.105645     -3.217386      0.505518 
  H      -6.224860      1.061683     -1.292008 
  H      -5.095039      2.294263     -1.883202 
  H      -5.516698      2.230892     -0.162612 
  H      -5.495584     -2.253402     -0.029178 
  H      -5.177613     -2.325236     -1.771744 
  H      -6.265205     -1.085305     -1.118302 
  H      -2.148801      5.707912      0.897506 
  H      -2.479107      5.167776     -0.758279 
  H      -1.108278      6.252353     -0.427743 
  H       2.496352      5.122168      0.830827 
  H       0.027786      6.856907      1.463847 
  H       1.824747      7.316772      1.522484 
  H       4.729249      2.437684      2.157520 
  H       5.739545      1.938701      0.787838 
  H       5.806891      1.030704      2.308370 
  H       4.917834     -2.673358      1.405270 
  H       6.880830     -0.369597      0.816701 
  H       7.253034     -2.132301      1.267169 
  H       2.021709     -5.474734      1.234066 
  H       2.417518     -5.358646     -0.490003 
  H       1.065700     -6.375564      0.042763 
  H      -1.104440     -6.382150     -0.127691 
  H      -2.185588     -5.432385     -1.164649 
  H      -2.401910     -5.414691      0.594893 
  C      -0.455749     -0.112197      1.943178 
  N      -0.712291     -0.167390      3.088066 
His–heme–CN, 175.2˚ α-meso–Fe–γ-meso angle, fully relaxed 
C    -0.526013502    -0.386936080    -4.259386177 
N     0.667907450     0.307765434    -4.188153506 
C    -0.916672009    -0.577694391    -2.957131401 
C     0.960616663     0.516734134    -2.877222996 
N     0.015283342    -0.011504560    -2.109867822 
C    -3.417292710     0.000451963     0.139815593 
C     0.011798677     3.417107748    -0.098724345 
C     3.415904490    -0.000000000     0.148790967 
C    -0.016729334    -3.416948960    -0.080637733 
C    -2.771902547     1.228972414     0.069391352 
C    -3.459609086     2.502558750     0.068754396 
C    -2.486215912     3.472252449    -0.025334099 
C    -1.217085233     2.776499787    -0.067115579 
C    -2.648126565     4.958254846    -0.052253680 
C    -4.941467101     2.672704985     0.167093757 
C     1.250300240     2.790578001    -0.039513643 
C     2.516262534     3.491057893     0.024487118 
C     3.495049699     2.518658075     0.119971852 
C     2.793079016     1.236531008     0.092990888 
C     2.688955264     4.973070354    -0.023299571 
C     4.938576261     2.654148464     0.195742773 
C     5.647167836     3.724097733     0.609228119 
C     2.777647936    -1.234400220     0.091142961 
C     3.470396652    -2.497733537     0.106649733 
233 
 
C     2.494140283    -3.481442327     0.005741745 
C     1.221371138    -2.783736271    -0.037689215 
C     4.944611801    -2.674202165     0.264991381 
C     2.638438083    -4.926630298    -0.003787491 
C     3.716603843    -5.637442063    -0.389193069 
C    -1.244499839    -2.780561354    -0.029256847 
C    -2.521028273    -3.480192024     0.039074254 
C    -3.486206506    -2.512196603     0.131604308 
C    -2.787300448    -1.233516111     0.103856176 
C    -2.675584154    -4.966940257     0.034646280 
C    -4.966856852    -2.668319860     0.261120679 
N    -1.408158418     1.409374542    -0.024211861 
N     1.434513793     1.423980569    -0.010355947 
N     1.411872190    -1.421899082    -0.008152732 
N    -1.427862636    -1.416451457    -0.003017646 
Fe     0.000000000     0.000000000     0.000000000 
C    -0.000000000    -0.000000000     1.890351664 
N    -0.003906497     0.002626710     3.064960961 
H    -0.973917496    -0.674364043    -5.203411249 
H     1.232911015     0.609890159    -4.974920645 
H    -1.794641456    -1.079678991    -2.568151122 
H     1.843001408     1.037337232    -2.522643560 
H    -4.504411856     0.010134435     0.223622823 
H    -0.000895006     4.506829121    -0.114855861 
H     4.500804614    -0.012563795     0.245861935 
H    -0.024213846    -4.505982774    -0.112423434 
H    -3.707718151     5.244287002    -0.082583184 
H    -2.159309261     5.405246627    -0.932347689 
H    -2.204686613     5.430737161     0.839487756 
H    -5.337394873     2.233012717     1.096638109 
H    -5.465815326     2.185539134    -0.670860076 
H    -5.222946385     3.733952380     0.160121517 
H     2.772591674     5.408038846     0.987201303 
H     1.845540593     5.470400078    -0.522245401 
H     3.609192022     5.240273173    -0.564383066 
H     5.510380213     1.772884735    -0.116501034 
H     5.178347272     4.631806668     0.988379974 
H     6.737694865     3.700154124     0.607984568 
H     5.393995492    -1.840489722     0.821818428 
H     5.463056920    -2.736988200    -0.706993863 
H     5.164730268    -3.604222634     0.809657029 
H     1.766865792    -5.492009174     0.342604441 
H     4.616898640    -5.171125346    -0.789170789 
H     3.711684208    -6.726787223    -0.331660912 
H    -2.229198824    -5.423479285     0.932738319 
H    -2.186057443    -5.425888567    -0.839396192 
H    -3.734035823    -5.258011669     0.009266912 
H    -5.257508621    -3.727070527     0.267536113 
H    -5.507348046    -2.182291441    -0.567512524 
H    -5.338891071    -2.219850219     1.196887298 
Coordinates starting from the X-ray crystal structure and reducing the Mesoalpha-Fe-Mesogamma angle 
His–heme–CN, 160.5˚ α-meso–Fe–γ-meso angle 
  C       0.508110     -0.343336     -4.196620 
234 
 
  N       1.324282      0.731600     -3.892087 
  C      -0.041687     -0.735263     -3.001339 
  C       1.248850      0.956353     -2.553662 
  N       0.426347      0.080753     -1.991173 
  H       0.398487     -0.719814     -5.206741 
  H       1.885424      1.262585     -4.549844 
  H      -0.733627     -1.543586     -2.793447 
  H       1.787940      1.740561     -2.033085 
  C      -2.444587     -2.412618     -0.038818 
  C      -2.293493      2.373334     -0.745122 
  C       2.136338      2.325922      1.193383 
  C       2.381363     -2.384457      0.114540 
  C      -2.832087     -1.101888     -0.285136 
  C      -4.183201     -0.685790     -0.601493 
  C      -4.119552      0.655768     -0.903093 
  C      -2.736845      1.058496     -0.719791 
  C      -5.230822      1.578136     -1.288918 
  C      -5.375940     -1.587127     -0.591485 
  C      -1.056482      2.805562     -0.270657 
  C      -0.722315      4.186178      0.003240 
  C       0.499570      4.175065      0.657932 
  C       0.914031      2.777295      0.715962 
  C      -1.564900      5.361050     -0.368546 
  C       1.291133      5.279747      1.168146 
  C       0.872790      6.522458      1.481834 
  C       2.631776      1.033403      1.022996 
  C       3.988911      0.628005      1.300892 
  C       4.096031     -0.692288      0.883390 
  C       2.766283     -1.080889      0.427319 
  C       5.028125      1.482859      1.948403 
  C       5.241350     -1.583467      0.922259 
  C       6.545326     -1.242085      0.950140 
  C       1.072171     -2.823463     -0.030738 
  C       0.672249     -4.224954     -0.032363 
  C      -0.699971     -4.237124      0.025904 
  C      -1.122664     -2.845085      0.008467 
  C       1.620076     -5.380243     -0.038115 
  C      -1.628855     -5.406514      0.086663 
  N      -1.964360     -0.028067     -0.369162 
  N      -0.045349      1.967633      0.142693 
  N       1.914499     -0.009200      0.479763 
  N      -0.035617     -2.010013     -0.044091 
  Fe     -0.044671     -0.013950      0.042873 
  H      -3.227635     -3.169443      0.018521 
  H      -3.018373      3.136426     -1.028287 
  H       2.803471      3.057658      1.646961 
  H       3.157358     -3.149895      0.110760 
  H      -6.149419      1.023139     -1.520336 
  H      -4.972738      2.177588     -2.176291 
  H      -5.469581      2.286741     -0.478580 
  H      -5.573980     -1.981508      0.417863 
  H      -5.238526     -2.454117     -1.257051 
  H      -6.280509     -1.058702     -0.920393 
235 
 
  H      -2.204588      5.690262      0.468163 
  H      -2.226941      5.133758     -1.215933 
  H      -0.934911      6.218861     -0.648850 
  H       2.353966      5.064275      1.322877 
  H      -0.169848      6.830987      1.413485 
  H       1.579452      7.266436      1.851728 
  H       4.575897      2.253748      2.588167 
  H       5.665785      1.999808      1.210813 
  H       5.694236      0.871887      2.575805 
  H       5.009003     -2.654066      0.921838 
  H       6.884735     -0.207079      0.908776 
  H       7.319123     -2.009550      0.995065 
  H       2.202671     -5.431986      0.896658 
  H       2.342512     -5.312783     -0.867479 
  H       1.086698     -6.334240     -0.142328 
  H      -1.080438     -6.356377      0.037607 
  H      -2.351601     -5.400493     -0.745938 
  H      -2.212357     -5.411185      1.021573 
  C      -0.367586     -0.186306      1.900166 
  N      -0.580346     -0.286359      3.050616 
His–heme–CN, 159.5˚ α-meso–Fe–γ-meso angle 
 
  C       0.507325     -0.342699     -4.207034 
  N       1.329335      0.727658     -3.902155 
  C      -0.043925     -0.732584     -3.011718 
  C       1.255634      0.951966     -2.563493 
  N       0.428721      0.080390     -2.001307 
  H       0.395239     -0.717899     -5.217358 
  H       1.893033      1.256031     -4.559827 
  H      -0.740067     -1.537301     -2.803803 
  H       1.799180      1.732833     -2.042537 
  C      -2.442695     -2.406757     -0.019711 
  C      -2.287091      2.372814     -0.765433 
  C       2.126490      2.319018      1.209050 
  C       2.384092     -2.381661      0.093504 
  C      -2.830291     -1.097903     -0.276641 
  C      -4.181847     -0.682138     -0.591819 
  C      -4.116706      0.656137     -0.908116 
  C      -2.732706      1.058528     -0.733307 
  C      -5.227635      1.576542     -1.299511 
  C      -5.376036     -1.581338     -0.569089 
  C      -1.051753      2.805136     -0.285527 
  C      -0.719799      4.184762     -0.004208 
  C       0.494956      4.171330      0.664070 
  C       0.909221      2.773428      0.721163 
  C      -1.558125      5.360974     -0.381244 
  C       1.281495      5.274232      1.185714 
  C       0.861291      6.517026      1.496634 
  C       2.626966      1.029314      1.028979 
  C       3.983821      0.623890      1.308366 
  C       4.096000     -0.691593      0.876439 
  C       2.768542     -1.078973      0.412330 
  C       5.018591      1.474324      1.968654 
236 
 
  C       5.243728     -1.579800      0.908673 
  C       6.546632     -1.235167      0.946486 
  C       1.074092     -2.821658     -0.045437 
  C       0.673047     -4.222906     -0.038483 
  C      -0.698657     -4.233858      0.035006 
  C      -1.120800     -2.841622      0.016285 
  C       1.619891     -5.378964     -0.050793 
  C      -1.627602     -5.402450      0.109194 
  N      -1.961311     -0.026386     -0.375741 
  N      -0.044064      1.966435      0.134143 
  N       1.915184     -0.009155      0.471526 
  N      -0.033643     -2.008307     -0.051725 
  Fe     -0.042260     -0.013283      0.031957 
  H      -3.226375     -3.162063      0.048543 
  H      -3.010434      3.135804     -1.052849 
  H       2.788972      3.048355      1.673248 
  H       3.160623     -3.146569      0.085421 
  H      -6.147955      1.020834     -1.522155 
  H      -4.971684      2.166518     -2.193841 
  H      -5.462479      2.293622     -0.495502 
  H      -5.570381     -1.966723      0.444428 
  H      -5.242655     -2.454230     -1.227704 
  H      -6.281103     -1.054353     -0.898868 
  H      -2.205001      5.689049      0.450352 
  H      -2.212587      5.136054     -1.235161 
  H      -0.924872      6.218784     -0.654051 
  H       2.342154      5.057232      1.352497 
  H      -0.179943      6.827455      1.416542 
  H       1.564773      7.259248      1.876009 
  H       4.562004      2.237232      2.614848 
  H       5.657787      2.000514      1.238989 
  H       5.683769      0.858324      2.592104 
  H       5.014602     -2.651012      0.892745 
  H       6.883247     -0.198754      0.920515 
  H       7.322413     -2.000999      0.984348 
  H       2.213145     -5.427852      0.877450 
  H       2.332750     -5.315302     -0.888686 
  H       1.084610     -6.332905     -0.145226 
  H      -1.080328     -6.352865      0.057886 
  H      -2.358647     -5.398787     -0.716149 
  H      -2.201653     -5.403421      1.049914 
  C      -0.364092     -0.186084      1.889474 
  N      -0.576186     -0.286444      3.039970 
His–heme–CN, 158.4˚ α-meso–Fe–γ-meso angle 
  C       0.500520     -0.343218     -4.215636 
  N       1.333106      0.719132     -3.911521 
  C      -0.052931     -0.728093     -3.019727 
  C       1.263763      0.943274     -2.572578 
  N       0.429313      0.079506     -2.009490 
  H       0.383368     -0.716949     -5.225922 
  H       1.900987      1.242322     -4.569727 
  H      -0.756702     -1.525915     -2.810931 
  H       1.815928      1.718497     -2.052237 
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  C      -2.441433     -2.400974      0.000891 
  C      -2.278549      2.371130     -0.787114 
  C       2.116758      2.312352      1.228209 
  C       2.386107     -2.376563      0.070946 
  C      -2.828529     -1.093970     -0.266258 
  C      -4.179941     -0.677853     -0.582617 
  C      -4.112139      0.656261     -0.915352 
  C      -2.726828      1.057788     -0.747546 
  C      -5.221684      1.575089     -1.314384 
  C      -5.376260     -1.573843     -0.546758 
  C      -1.045542      2.803335     -0.300292 
  C      -0.715991      4.182026     -0.012630 
  C       0.490264      4.166770      0.671417 
  C       0.904343      2.769023      0.729973 
  C      -1.549323      5.359355     -0.397189 
  C       1.269880      5.268280      1.206091 
  C       0.846525      6.511061      1.512813 
  C       2.621693      1.025567      1.037377 
  C       3.978661      0.619758      1.316309 
  C       4.096135     -0.689546      0.867204 
  C       2.770342     -1.075155      0.395769 
  C       5.008834      1.464756      1.990739 
  C       5.246586     -1.574360      0.888493 
  C       6.548394     -1.227283      0.941156 
  C       1.075431     -2.817759     -0.060249 
  C       0.674191     -4.218822     -0.045590 
  C      -0.696735     -4.229309      0.044733 
  C      -1.119302     -2.837255      0.026197 
  C       1.620460     -5.375276     -0.065248 
  C      -1.624793     -5.397704      0.133211 
  N      -1.957387     -0.025314     -0.380535 
  N      -0.042175      1.964016      0.128458 
  N       1.915071     -0.007504      0.464002 
  N      -0.032730     -2.004934     -0.057625 
  Fe     -0.040593     -0.011818      0.023441 
  H      -3.225475     -3.154652      0.082054 
  H      -2.999443      3.134206     -1.080444 
  H       2.773226      3.038548      1.705729 
  H       3.163145     -3.140966      0.057791 
  H      -6.143864      1.019379     -1.529164 
  H      -4.966146      2.154725     -2.215577 
  H      -5.453063      2.301223     -0.517535 
  H      -5.566935     -1.950066      0.470857 
  H      -5.247690     -2.452689     -1.198396 
  H      -6.281500     -1.047656     -0.877263 
  H      -2.205119      5.686577      0.427722 
  H      -2.194328      5.136194     -1.258756 
  H      -0.912403      6.217075     -0.661500 
  H       2.327711      5.049878      1.388063 
  H      -0.192916      6.823339      1.418037 
  H       1.545469      7.251686      1.903577 
  H       4.547657      2.219483      2.643207 
  H       5.650720      1.999820      1.269950 
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  H       5.671967      0.843076      2.610717 
  H       5.020884     -2.645685      0.848432 
  H       6.882554     -0.189781      0.939475 
  H       7.325894     -1.991842      0.967208 
  H       2.225102     -5.420867      0.855843 
  H       2.322920     -5.315209     -0.912118 
  H       1.083819     -6.329421     -0.149201 
  H      -1.078111     -6.348311      0.079245 
  H      -2.364692     -5.396799     -0.684228 
  H      -2.188671     -5.395196      1.080018 
  C      -0.358934     -0.187405      1.881256 
  N      -0.568902     -0.289517      3.031973 
His–heme–CN, 157.4˚ α-meso–Fe–γ-meso angle 
  C       0.500565     -0.342870     -4.226239 
  N       1.338179      0.715427     -3.921860 
  C      -0.053674     -0.726320     -3.030212 
  C       1.269898      0.939570     -2.582805 
  N       0.431905      0.079150     -2.019915 
  H       0.381357     -0.715522     -5.236680 
  H       1.908289      1.236253     -4.580009 
  H      -0.760656     -1.521282     -2.821290 
  H       1.825506      1.712132     -2.062181 
  C      -2.438769     -2.394247      0.019470 
  C      -2.272334      2.370798     -0.807023 
  C       2.106545      2.304882      1.242362 
  C       2.388688     -2.373960      0.050708 
  C      -2.826243     -1.089366     -0.258477 
  C      -4.178153     -0.673735     -0.573522 
  C      -4.109206      0.656795     -0.920735 
  C      -2.722662      1.057970     -0.761486 
  C      -5.218704      1.573457     -1.324768 
  C      -5.375900     -1.567195     -0.524349 
  C      -1.040765      2.803025     -0.315432 
  C      -0.713412      4.180684     -0.020147 
  C       0.485655      4.162788      0.676680 
  C       0.899421      2.764860      0.733892 
  C      -1.542685      5.359430     -0.409006 
  C       1.259869      5.262352      1.223024 
  C       0.833645      6.504141      1.529748 
  C       2.616938      1.021204      1.042197 
  C       3.973708      0.615550      1.322583 
  C       4.096212     -0.688809      0.859928 
  C       2.772643     -1.073293      0.380822 
  C       4.999594      1.456080      2.008974 
  C       5.248890     -1.570721      0.875371 
  C       6.549611     -1.221191      0.938545 
  C       1.077297     -2.816061     -0.074965 
  C       0.674876     -4.216843     -0.051748 
  C      -0.695165     -4.225780      0.053418 
  C      -1.116986     -2.833411      0.033452 
  C       1.619895     -5.374237     -0.076839 
  C      -1.623073     -5.393170      0.155938 
  N      -1.954245     -0.023330     -0.387633 
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  N      -0.040899      1.962850      0.119186 
  N       1.915864     -0.007654      0.455604 
  N      -0.030580     -2.003246     -0.065418 
  Fe     -0.038010     -0.011127      0.011813 
  H      -3.223342     -3.146114      0.111906 
  H      -2.991872      3.133823     -1.103849 
  H       2.757964      3.028554      1.730614 
  H       3.166125     -3.137919      0.033824 
  H      -6.142561      1.017159     -1.530550 
  H      -4.965695      2.143615     -2.232705 
  H      -5.445995      2.307841     -0.534323 
  H      -5.562952     -1.933621      0.497496 
  H      -5.251516     -2.452277     -1.168278 
  H      -6.281579     -1.042549     -0.856038 
  H      -2.207062      5.683672      0.410167 
  H      -2.178551      5.139561     -1.278235 
  H      -0.902913      6.217989     -0.663353 
  H       2.315789      5.043199      1.414797 
  H      -0.204748      6.816989      1.425703 
  H       1.528815      7.243309      1.929895 
  H       4.534414      2.203854      2.666561 
  H       5.643345      1.998880      1.295696 
  H       5.661381      0.829907      2.625846 
  H       5.026231     -2.642031      0.820019 
  H       6.881195     -0.182971      0.952324 
  H       7.328848     -1.984167      0.958089 
  H       2.234000     -5.417078      0.838140 
  H       2.313592     -5.318046     -0.931145 
  H       1.081554     -6.328179     -0.151633 
  H      -1.077611     -6.344393      0.100224 
  H      -2.371204     -5.394975     -0.653970 
  H      -2.177316     -5.386489      1.108365 
  C      -0.355845     -0.186290      1.869972 
  N      -0.565452     -0.288254      3.020708 
His–heme–CN, 156.4˚ α-meso–Fe–γ-meso angle 
  C       0.498427     -0.343470     -4.235785 
  N       1.341626      0.710502     -3.931922 
  C      -0.057655     -0.723534     -3.039542 
  C       1.275820      0.934544     -2.592711 
  N       0.433460      0.078708     -2.029303 
  H       0.376654     -0.715512     -5.246140 
  H       1.914082      1.228337     -4.590386 
  H      -0.769150     -1.514314     -2.830099 
  H       1.836231      1.703824     -2.072392 
  C      -2.436553     -2.387777      0.038691 
  C      -2.264416      2.369504     -0.828258 
  C       2.096824      2.297597      1.258195 
  C       2.390706     -2.369873      0.028972 
  C      -2.823917     -1.085030     -0.249837 
  C      -4.175948     -0.669139     -0.564857 
  C      -4.104955      0.657205     -0.927636 
  C      -2.717158      1.057516     -0.776228 
  C      -5.213636      1.572087     -1.337967 
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  C      -5.375725     -1.559039     -0.501952 
  C      -1.034965      2.801724     -0.330542 
  C      -0.710185      4.178352     -0.028035 
  C       0.480815      4.158198      0.682877 
  C       0.894715      2.760343      0.739938 
  C      -1.535058      5.358336     -0.422507 
  C       1.248361      5.256113      1.241766 
  C       0.818208      6.496600      1.548225 
  C       2.611966      1.017001      1.048038 
  C       3.968614      0.610932      1.328822 
  C       4.096164     -0.687606      0.850981 
  C       2.774551     -1.070330      0.364364 
  C       4.990126      1.446186      2.028123 
  C       5.251183     -1.566401      0.857820 
  C       6.550789     -1.215309      0.934852 
  C       1.078789     -2.813029     -0.089899 
  C       0.675850     -4.213489     -0.057957 
  C      -0.693064     -4.221350      0.063186 
  C      -1.114959     -2.828991      0.042098 
  C       1.619919     -5.371548     -0.088952 
  C      -1.620023     -5.388131      0.180833 
  N      -1.950259     -0.022068     -0.394419 
  N      -0.038855      1.960894      0.111165 
  N       1.916156     -0.006655      0.446627 
  N      -0.029159     -2.000398     -0.072853 
  Fe     -0.035764     -0.010098      0.001255 
  H      -3.221421     -3.137653      0.144271 
  H      -2.982028      3.132619     -1.129626 
  H       2.742219      3.018009      1.759237 
  H       3.168556     -3.133422      0.008180 
  H      -6.139579      1.015918     -1.534507 
  H      -4.962376      2.131530     -2.253024 
  H      -5.436439      2.315540     -0.554771 
  H      -5.559212     -1.915205      0.524141 
  H      -5.256203     -2.450575     -1.137848 
  H      -6.281512     -1.035441     -0.834938 
  H      -2.209708      5.679074      0.389602 
  H      -2.159840      5.141714     -1.300592 
  H      -0.892372      6.218013     -0.665256 
  H       2.302110      5.036499      1.444536 
  H      -0.219055      6.809647      1.433818 
  H       1.508694      7.234545      1.958645 
  H       4.520683      2.186713      2.690824 
  H       5.636478      1.996597      1.323091 
  H       5.649799      0.814959      2.642096 
  H       5.031562     -2.637059      0.781426 
  H       6.880042     -0.176883      0.970127 
  H       7.331526     -1.976921      0.944669 
  H       2.244264     -5.410999      0.819277 
  H       2.303959     -5.319334     -0.951225 
  H       1.080314     -6.325514     -0.153594 
  H      -1.075321     -6.339706      0.123576 
  H      -2.376753     -5.393366     -0.621031 
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  H      -2.164092     -5.376919      1.139032 
  C      -0.352156     -0.186083      1.859809 
  N      -0.560800     -0.288679      3.010652 
His–heme–CN, 155.4˚ α-meso–Fe–γ-meso angle 
  C       0.498464     -0.342970     -4.247247 
  N       1.346484      0.707057     -3.943183 
  C      -0.058178     -0.721748     -3.050838 
  C       1.281666      0.931173     -2.603886 
  N       0.436042      0.078526     -2.040567 
  H       0.374664     -0.713979     -5.257731 
  H       1.921022      1.222621     -4.601607 
  H      -0.772604     -1.509855     -2.841222 
  H       1.845299      1.697972     -2.083382 
  C      -2.433433     -2.380723      0.056272 
  C      -2.258041      2.368980     -0.847973 
  C       2.086665      2.289822      1.271241 
  C       2.393078     -2.367088      0.008726 
  C      -2.821198     -1.080275     -0.242925 
  C      -4.173730     -0.664674     -0.556359 
  C      -4.101703      0.657784     -0.933319 
  C      -2.712692      1.057497     -0.790465 
  C      -5.210405      1.570548     -1.348259 
  C      -5.374959     -1.551544     -0.479728 
  C      -1.030071      2.801168     -0.345422 
  C      -0.707780      4.176697     -0.035071 
  C       0.475987      4.153789      0.688003 
  C       0.889824      2.755853      0.743338 
  C      -1.528765      5.358158     -0.433176 
  C       1.237866      5.249620      1.258617 
  C       0.804485      6.488693      1.566188 
  C       2.607149      1.012506      1.051842 
  C       3.963484      0.606433      1.334329 
  C       4.096093     -0.686910      0.843369 
  C       2.776736     -1.068256      0.348957 
  C       4.980574      1.437031      2.045522 
  C       5.253265     -1.562733      0.844428 
  C       6.551695     -1.209980      0.933502 
  C       1.080477     -2.811074     -0.104642 
  C       0.676587     -4.211161     -0.063647 
  C      -0.691118     -4.217339      0.072070 
  C      -1.112362     -2.824744      0.048845 
  C       1.619316     -5.370213     -0.099204 
  C      -1.617503     -5.383014      0.204683 
  N      -1.946689     -0.020275     -0.402265 
  N      -0.037341      1.959445      0.101598 
  N       1.916844     -0.006601      0.437331 
  N      -0.027069     -1.998339     -0.081207 
  Fe     -0.033059     -0.009351     -0.011223 
  H      -3.218577     -3.128568      0.173509 
  H      -2.974344      3.132094     -1.152441 
  H       2.726683      3.007376      1.783218 
  H       3.171202     -3.130269     -0.015338 
  H      -6.138240      1.014193     -1.535031 
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  H      -4.962158      2.119967     -2.270187 
  H      -5.428440      2.322421     -0.571783 
  H      -5.554318     -1.897915      0.550436 
  H      -5.260165     -2.449125     -1.107915 
  H      -6.281238     -1.029237     -0.813354 
  H      -2.212096      5.675267      0.373053 
  H      -2.143982      5.145231     -1.318934 
  H      -0.883678      6.218915     -0.665248 
  H       2.289732      5.029435      1.470254 
  H      -0.231768      6.801984      1.443516 
  H       1.490948      7.225139      1.985953 
  H       4.507015      2.171117      2.712401 
  H       5.629370      1.994248      1.348166 
  H       5.638254      0.801495      2.657168 
  H       5.036692     -2.632705      0.751307 
  H       6.878475     -0.171528      0.985920 
  H       7.333995     -1.970037      0.936483 
  H       2.253005     -5.406240      0.802707 
  H       2.294419     -5.322550     -0.968731 
  H       1.078242     -6.323964     -0.153906 
  H      -1.073866     -6.335171      0.146791 
  H      -2.382204     -5.391867     -0.589540 
  H      -2.151964     -5.366691      1.168171 
  C      -0.348930     -0.184991      1.847714 
  N      -0.557158     -0.287521      2.998572 
His–heme–CN, 154.4˚ α-meso–Fe–γ-meso angle 
  C       0.497811     -0.342812     -4.257989 
  N       1.349893      0.703956     -3.954149 
  C      -0.060599     -0.718905     -3.061563 
  C       1.286938      0.927729     -2.614686 
  N       0.437902      0.078590     -2.051146 
  H       0.372229     -0.713295     -5.268442 
  H       1.926243      1.217325     -4.612695 
  H      -0.778599     -1.503690     -2.851730 
  H       1.854213      1.691867     -2.094241 
  C      -2.430543     -2.373938      0.074344 
  C      -2.250579      2.367677     -0.868378 
  C       2.076916      2.282142      1.285228 
  C       2.395021     -2.363267     -0.012638 
  C      -2.818422     -1.075824     -0.235369 
  C      -4.171221     -0.659927     -0.548007 
  C      -4.097580      0.658236     -0.939798 
  C      -2.707355      1.056962     -0.805137 
  C      -5.205782      1.569155     -1.360156 
  C      -5.374337     -1.542915     -0.457286 
  C      -1.024596      2.799878     -0.360209 
  C      -0.705055      4.174300     -0.042385 
  C       0.470969      4.148951      0.693541 
  C       0.885150      2.751113      0.748009 
  C      -1.522070      5.357068     -0.444817 
  C       1.226309      5.242960      1.276192 
  C       0.789053      6.480575      1.584105 
  C       2.602197      1.008053      1.056315 
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  C       3.958219      0.601438      1.339816 
  C       4.095810     -0.686119      0.834742 
  C       2.778585     -1.065513      0.332529 
  C       4.970884      1.426690      2.063477 
  C       5.255036     -1.559018      0.828417 
  C       6.552283     -1.205810      0.932461 
  C       1.081977     -2.808181     -0.119781 
  C       0.677696     -4.207862     -0.069617 
  C      -0.688575     -4.212736      0.081563 
  C      -1.109898     -2.820166      0.056500 
  C       1.619356     -5.367658     -0.110321 
  C      -1.613592     -5.377633      0.230075 
  N      -1.942540     -0.019141     -0.410020 
  N      -0.035237      1.957451      0.092726 
  N       1.917192     -0.005742      0.427504 
  N      -0.025488     -1.995501     -0.089629 
  Fe     -0.030587     -0.008407     -0.023046 
  H      -3.215752     -3.119550      0.204837 
  H      -2.965310      3.130880     -1.176431 
  H       2.710862      2.996271      1.809533 
  H       3.173442     -3.126139     -0.039941 
  H      -6.136097      1.013333     -1.535850 
  H      -4.960541      2.106802     -2.289788 
  H      -5.417938      2.330683     -0.591525 
  H      -5.549311     -1.879422      0.576887 
  H      -5.265039     -2.446517     -1.077772 
  H      -6.280926     -1.021364     -0.791205 
  H      -2.214217      5.670880      0.355144 
  H      -2.127388      5.147411     -1.338173 
  H      -0.874679      6.218821     -0.666370 
  H       2.276016      5.022327      1.497776 
  H      -0.246035      6.793949      1.452000 
  H       1.470829      7.215756      2.013649 
  H       4.493103      2.154773      2.733870 
  H       5.623158      1.989910      1.374252 
  H       5.625497      0.786513      2.673578 
  H       5.041303     -2.627535      0.714350 
  H       6.876986     -0.168071      1.006648 
  H       7.335759     -1.964627      0.926492 
  H       2.263480     -5.399538      0.784374 
  H       2.284311     -5.324771     -0.987845 
  H       1.077221     -6.321383     -0.153824 
  H      -1.070494     -6.330103      0.172117 
  H      -2.386400     -5.391048     -0.556186 
  H      -2.138183     -5.355694      1.198834 
  C      -0.345664     -0.184332      1.836290 
  N      -0.553254     -0.287244      2.987217 
His–heme–CN, 153.4˚ α-meso–Fe–γ-meso angle 
  C       0.498636     -0.341316     -4.270446 
  N       1.354832      0.701912     -3.966054 
  C      -0.060162     -0.716818     -3.073996 
  C       1.292473      0.925471     -2.626477 
  N       0.440689      0.078849     -2.063307 
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  H       0.371393     -0.710592     -5.281131 
  H       1.933002      1.213519     -4.624367 
  H      -0.780529     -1.499480     -2.864289 
  H       1.862327      1.687397     -2.105604 
  C      -2.426723     -2.366571      0.090930 
  C      -2.244555      2.367126     -0.887583 
  C       2.066624      2.273925      1.296845 
  C       2.397391     -2.360637     -0.032854 
  C      -2.815290     -1.070958     -0.229303 
  C      -4.168726     -0.655289     -0.539674 
  C      -4.094442      0.658841     -0.945135 
  C      -2.703037      1.056862     -0.819405 
  C      -5.202953      1.567599     -1.369329 
  C      -5.373157     -1.534898     -0.434770 
  C      -1.019938      2.799327     -0.374952 
  C      -0.703009      4.172565     -0.049126 
  C       0.465967      4.144296      0.698089 
  C       0.880217      2.746396      0.750395 
  C      -1.516445      5.356874     -0.454253 
  C       1.215634      5.236046      1.292180 
  C       0.775338      6.472320      1.601108 
  C       2.597274      1.003253      1.059135 
  C       3.952813      0.596502      1.344899 
  C       4.095526     -0.685766      0.827367 
  C       2.780756     -1.063577      0.316970 
  C       4.960853      1.416909      2.080426 
  C       5.256720     -1.555825      0.816154 
  C       6.552683     -1.201805      0.933196 
  C       1.083745     -2.806333     -0.134952 
  C       0.678653     -4.205549     -0.075326 
  C      -0.686112     -4.208531      0.090157 
  C      -1.106837     -2.815757      0.062374 
  C       1.618880     -5.366395     -0.119907 
  C      -1.610128     -5.372141      0.254449 
  N      -1.938834     -0.017463     -0.418736 
  N      -0.033713      1.955975      0.082509 
  N       1.917918     -0.005799      0.417409 
  N      -0.023215     -1.993457     -0.098971 
  Fe     -0.027735     -0.007760     -0.036482 
  H      -3.211964     -3.109909      0.233502 
  H      -2.958221      3.130325     -1.198089 
  H       2.695055      2.984954      1.831947 
  H       3.176028     -3.123193     -0.062918 
  H      -6.135489      1.012015     -1.533581 
  H      -4.961868      2.094245     -2.306309 
  H      -5.409095      2.338071     -0.608012 
  H      -5.543177     -1.861968      0.603253 
  H      -5.269196     -2.444147     -1.047855 
  H      -6.280429     -1.014351     -0.768359 
  H      -2.215702      5.667664      0.340672 
  H      -2.113600      5.150716     -1.353925 
  H      -0.867069      6.219401     -0.666616 
  H       2.263284      5.014639      1.522472 
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  H      -0.258530      6.786164      1.460771 
  H       1.453055      7.205847      2.039819 
  H       4.478854      2.139202      2.754008 
  H       5.616199      1.986020      1.399045 
  H       5.612793      0.772591      2.689018 
  H       5.045972     -2.623012      0.685238 
  H       6.875017     -0.164769      1.024904 
  H       7.337525     -1.959129      0.920906 
  H       2.272628     -5.394079      0.767950 
  H       2.274331     -5.328894     -1.004774 
  H       1.075487     -6.319844     -0.152328 
  H      -1.067900     -6.325157      0.197088 
  H      -2.390547     -5.390123     -0.524147 
  H      -2.125281     -5.344127      1.228080 
  C      -0.342782     -0.183258      1.823213 
  N      -0.550211     -0.286108      2.974112 
His–heme–CN, 152.4˚ α-meso–Fe–γ-meso angle 
  C       0.500461     -0.340256     -4.282498 
  N       1.358902      0.700995     -3.977771 
  C      -0.060510     -0.713751     -3.086430 
  C       1.297619      0.923729     -2.637973 
  N       0.443305      0.079374     -2.075186 
  H       0.372535     -0.709049     -5.293270 
  H       1.938395      1.211373     -4.635865 
  H      -0.783648     -1.493945     -2.877064 
  H       1.869854      1.683561     -2.116662 
  C      -2.422827     -2.359274      0.107588 
  C      -2.238046      2.366140     -0.907088 
  C       2.056456      2.265589      1.308576 
  C       2.399537     -2.357602     -0.053648 
  C      -2.812045     -1.066237     -0.223052 
  C      -4.166042     -0.650459     -0.531313 
  C      -4.090927      0.659386     -0.950716 
  C      -2.698355      1.056478     -0.833933 
  C      -5.199572      1.566088     -1.378995 
  C      -5.371990     -1.526109     -0.411845 
  C      -1.015027      2.798438     -0.389753 
  C      -0.700900      4.170461     -0.056022 
  C       0.460760      4.139374      0.702729 
  C       0.875347      2.741501      0.753165 
  C      -1.510799      5.356225     -0.464003 
  C       1.204259      5.228948      1.308404 
  C       0.760736      6.464007      1.617562 
  C       2.592237      0.998338      1.062071 
  C       3.947241      0.591117      1.349909 
  C       4.095052     -0.685550      0.819595 
  C       2.782757     -1.061437      0.300870 
  C       4.950575      1.406254      2.097629 
  C       5.258110     -1.552870      0.803041 
  C       6.552753     -1.198785      0.934158 
  C       1.085459     -2.804147     -0.150508 
  C       0.679840     -4.202844     -0.081259 
  C      -0.683215     -4.204051      0.098980 
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  C      -1.103733     -2.811207      0.068529 
  C       1.618735     -5.364642     -0.130022 
  C      -1.605692     -5.366477      0.279729 
  N      -1.934840     -0.016197     -0.427703 
  N      -0.031843      1.954285      0.072334 
  N       1.918522     -0.005531      0.406803 
  N      -0.021149     -1.991131     -0.108690 
  Fe     -0.024929     -0.007146     -0.049774 
  H      -3.207928     -3.100131      0.263253 
  H      -2.950606      3.129380     -1.220104 
  H       2.678988      2.973143      1.855162 
  H       3.178413     -3.119873     -0.086320 
  H      -6.134689      1.011256     -1.530638 
  H      -4.962981      2.080518     -2.323858 
  H      -5.398803      2.346304     -0.625821 
  H      -5.536766     -1.843635      0.629985 
  H      -5.273921     -2.440992     -1.017460 
  H      -6.279858     -1.006221     -0.744801 
  H      -2.216629      5.664539      0.326053 
  H      -2.100252      5.153155     -1.369451 
  H      -0.859533      6.219326     -0.667992 
  H       2.249544      5.006661      1.548320 
  H      -0.271659      6.778455      1.467985 
  H       1.434012      7.195918      2.065736 
  H       4.464247      2.122715      2.774281 
  H       5.609286      1.981145      1.424423 
  H       5.599496      0.757586      2.704816 
  H       5.050210     -2.618218      0.653857 
  H       6.872880     -0.162979      1.045011 
  H       7.338766     -1.954742      0.914860 
  H       2.282797     -5.387677      0.750321 
  H       2.263838     -5.332775     -1.022652 
  H       1.074359     -6.317866     -0.150484 
  H      -1.064003     -6.319874      0.223411 
  H      -2.393809     -5.389664     -0.490910 
  H      -2.111192     -5.331960      1.258179 
  C      -0.340124     -0.182283      1.810287 
  N      -0.547471     -0.285142      2.961167 
His–heme–CN, 151.3˚ α-meso–Fe–γ-meso angle 
  C       0.500539     -0.337371     -4.295378 
  N       1.364030      0.699387     -3.989705 
  C      -0.060456     -0.710825     -3.099298 
  C       1.303350      0.921617     -2.649754 
  N       0.445900      0.080044     -2.087529 
  H       0.370497     -0.704347     -5.306539 
  H       1.945660      1.207853     -4.647383 
  H      -0.786137     -1.488753     -2.890302 
  H       1.878547      1.678791     -2.127843 
  C      -2.418581     -2.351831      0.123738 
  C      -2.231744      2.365143     -0.926246 
  C       2.046190      2.257102      1.319677 
  C       2.401709     -2.354581     -0.074346 
  C      -2.808582     -1.061469     -0.217243 
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  C      -4.163188     -0.645613     -0.523139 
  C      -4.087456      0.659913     -0.956126 
  C      -2.693745      1.056025     -0.848389 
  C      -5.196361      1.564528     -1.388170 
  C      -5.370499     -1.517242     -0.389100 
  C      -1.010246      2.797561     -0.404407 
  C      -0.699050      4.168338     -0.062670 
  C       0.455409      4.134369      0.707188 
  C       0.870411      2.736541      0.755491 
  C      -1.505616      5.355573     -0.473002 
  C       1.192752      5.221645      1.324364 
  C       0.746275      6.455647      1.633498 
  C       2.587132      0.993354      1.064528 
  C       3.941511      0.585621      1.354731 
  C       4.094495     -0.685395      0.811942 
  C       2.784764     -1.059264      0.284741 
  C       4.940001      1.395418      2.114636 
  C       5.259349     -1.550017      0.790437 
  C       6.552584     -1.196305      0.936139 
  C       1.087194     -2.801929     -0.166108 
  C       0.681161     -4.200064     -0.087067 
  C      -0.680048     -4.199411      0.107708 
  C      -1.100371     -2.806529      0.074309 
  C       1.618706     -5.362819     -0.139685 
  C      -1.600781     -5.360540      0.305134 
  N      -1.930788     -0.014987     -0.436925 
  N      -0.029982      1.952590      0.061954 
  N       1.919120     -0.005256      0.395903 
  N      -0.018997     -1.988741     -0.118662 
  Fe     -0.022045     -0.006531     -0.063501 
  H      -3.203386     -3.090136      0.292392 
  H      -2.943322      3.128412     -1.241472 
  H       2.662867      2.961125      1.877430 
  H       3.180779     -3.116600     -0.109450 
  H      -6.134231      1.010764     -1.526114 
  H      -4.964939      2.066013     -2.341218 
  H      -5.387914      2.354903     -0.643669 
  H      -5.529593     -1.825688      0.656341 
  H      -5.278558     -2.437403     -0.987627 
  H      -6.279081     -0.997821     -0.720805 
  H      -2.217170      5.661741      0.312738 
  H      -2.088231      5.155459     -1.383524 
  H      -0.852618      6.219095     -0.669489 
  H       2.235484      4.998245      1.574070 
  H      -0.284426      6.771006      1.474433 
  H       1.415127      7.185764      2.091148 
  H       4.449284      2.106457      2.793795 
  H       5.602457      1.975580      1.449706 
  H       5.585491      0.742499      2.720921 
  H       5.054343     -2.613180      0.622820 
  H       6.870516     -0.162133      1.066394 
  H       7.339687     -1.950920      0.910034 
  H       2.293306     -5.380764      0.732762 
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  H       2.253056     -5.337072     -1.040159 
  H       1.073503     -6.315764     -0.147495 
  H      -1.059486     -6.314275      0.250575 
  H      -2.396253     -5.389401     -0.457689 
  H      -2.096916     -5.319045      1.288077 
  C      -0.337541     -0.181140      1.796935 
  N      -0.544874     -0.283932      2.947785 
His–heme–CN, 150.3˚ α-meso–Fe–γ-meso angle 
  C       0.502406     -0.335609     -4.308405 
  N       1.368112      0.699118     -4.002230 
  C      -0.060964     -0.707052     -3.112806 
  C       1.308649      0.920155     -2.661987 
  N       0.448575      0.080866     -2.100301 
  H       0.371681     -0.701931     -5.319711 
  H       1.951060      1.206462     -4.659599 
  H      -0.789603     -1.482354     -2.904348 
  H       1.886353      1.675015     -2.139499 
  C      -2.413995     -2.344300      0.139434 
  C      -2.225579      2.364123     -0.945083 
  C       2.035942      2.248461      1.330135 
  C       2.403926     -2.351657     -0.094914 
  C      -2.804910     -1.056695     -0.211770 
  C      -4.160178     -0.640694     -0.514954 
  C      -4.084021      0.660483     -0.961204 
  C      -2.689192      1.055536     -0.862703 
  C      -5.193309      1.563030     -1.396630 
  C      -5.368734     -1.508183     -0.366264 
  C      -1.005524      2.796687     -0.418989 
  C      -0.697356      4.166173     -0.069191 
  C       0.449982      4.129274      0.711424 
  C       0.865521      2.731514      0.757372 
  C      -1.500799      5.354864     -0.481455 
  C       1.181127      5.214168      1.340002 
  C       0.731908      6.447266      1.648811 
  C       2.582034      0.988263      1.066566 
  C       3.935698      0.579924      1.359397 
  C       4.093866     -0.685439      0.804503 
  C       2.786811     -1.057175      0.268636 
  C       4.929235      1.384274      2.131465 
  C       5.260405     -1.547482      0.778515 
  C       6.552150     -1.194630      0.939195 
  C       1.089007     -2.799769     -0.181798 
  C       0.682640     -4.197294     -0.092856 
  C      -0.676597     -4.194690      0.116220 
  C      -1.096773     -2.801797      0.079683 
  C       1.618813     -5.361020     -0.149064 
  C      -1.595412     -5.354396      0.330383 
  N      -1.926662     -0.013863     -0.446439 
  N      -0.028037      1.950908      0.051295 
  N       1.919791     -0.005025      0.384701 
  N      -0.016735     -1.986364     -0.128992 
  Fe     -0.019029     -0.005955     -0.077656 
  H      -3.198348     -3.079931      0.321235 
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  H      -2.936311      3.127423     -1.262183 
  H       2.646724      2.948845      1.898917 
  H       3.183144     -3.113473     -0.132154 
  H      -6.134092      1.010717     -1.519807 
  H      -4.967743      2.050907     -2.358084 
  H      -5.376396      2.363903     -0.661299 
  H      -5.521609     -1.808097      0.682590 
  H      -5.283252     -2.433228     -0.958175 
  H      -6.278149     -0.988960     -0.695966 
  H      -2.217392      5.659123      0.300437 
  H      -2.077291      5.157573     -1.396477 
  H      -0.846226      6.218708     -0.671161 
  H       2.221117      4.989463      1.599692 
  H      -0.296879      6.763800      1.479998 
  H       1.396319      7.175465      2.115915 
  H       4.434096      2.090306      2.812597 
  H       5.595810      1.969204      1.474907 
  H       5.570881      0.727169      2.737310 
  H       5.058284     -2.608125      0.592491 
  H       6.867943     -0.162496      1.088920 
  H       7.340232     -1.947967      0.906559 
  H       2.304136     -5.373488      0.715112 
  H       2.242028     -5.341822     -1.057419 
  H       1.072958     -6.313614     -0.143603 
  H      -1.054376     -6.308427      0.278263 
  H      -2.397828     -5.389289     -0.424843 
  H      -2.082573     -5.305497      1.317451 
  C      -0.335044     -0.179862      1.783163 
  N      -0.542477     -0.282494      2.933973 
His–heme–CN, 149.3˚ α-meso–Fe–γ-meso angle 
  C       0.502418     -0.331599     -4.322192 
  N       1.373620      0.698081     -4.014730 
  C      -0.061091     -0.703203     -3.126697 
  C       1.314873      0.918169     -2.674253 
  N       0.451329      0.081856     -2.113392 
  H       0.369390     -0.695662     -5.334012 
  H       1.958909      1.203467     -4.671514 
  H      -0.792612     -1.475961     -2.918898 
  H       1.895875      1.669909     -2.150934 
  C      -2.409059     -2.336662      0.154740 
  C      -2.219640      2.363069     -0.963650 
  C       2.025568      2.239683      1.340022 
  C       2.406191     -2.348795     -0.115248 
  C      -2.801046     -1.051908     -0.206595 
  C      -4.157038     -0.635757     -0.506754 
  C      -4.080690      0.661042     -0.965969 
  C      -2.684772      1.054988     -0.876914 
  C      -5.190510      1.561505     -1.404400 
  C      -5.366675     -1.499051     -0.343361 
  C      -1.000948      2.795825     -0.433542 
  C      -0.695903      4.163986     -0.075666 
  C       0.444395      4.124118      0.715374 
  C       0.860547      2.726440      0.758834 
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  C      -1.496395      5.354114     -0.489549 
  C       1.169321      5.206557      1.355218 
  C       0.717558      6.438887      1.663439 
  C       2.576848      0.983101      1.068250 
  C       3.929726      0.574116      1.363947 
  C       4.093151     -0.685577      0.797290 
  C       2.788875     -1.055116      0.252627 
  C       4.918185      1.372969      2.148119 
  C       5.261312     -1.545107      0.767243 
  C       6.551474     -1.193479      0.943034 
  C       1.090896     -2.797648     -0.197450 
  C       0.684286     -4.194512     -0.098514 
  C      -0.672861     -4.189878      0.124601 
  C      -1.092930     -2.797002      0.084739 
  C       1.619072     -5.359219     -0.158065 
  C      -1.589621     -5.348041      0.355404 
  N      -1.922524     -0.012827     -0.456238 
  N      -0.026111      1.949256      0.040385 
  N       1.920480     -0.004809      0.373262 
  N      -0.014367     -1.984001     -0.139570 
  Fe     -0.015945     -0.005422     -0.092154 
  H      -3.192807     -3.069515      0.349742 
  H      -2.929659      3.126390     -1.282336 
  H       2.630428      2.936357      1.919648 
  H       3.185532     -3.110440     -0.154364 
  H      -6.134246      1.010964     -1.512021 
  H      -4.971394      2.035333     -2.374309 
  H      -5.364583      2.373022     -0.678640 
  H      -5.512804     -1.791011      0.708702 
  H      -5.287928     -2.428580     -0.929144 
  H      -6.277048     -0.979781     -0.670323 
  H      -2.217467      5.656691      0.288870 
  H      -2.067351      5.159515     -1.408603 
  H      -0.840358      6.218188     -0.673085 
  H       2.206388      4.980376      1.625033 
  H      -0.309119      6.756813      1.484703 
  H       1.377501      7.165062      2.139957 
  H       4.418590      2.074294      2.830820 
  H       5.589104      1.962306      1.500001 
  H       5.555720      0.711756      2.753843 
  H       5.062125     -2.602946      0.563037 
  H       6.865112     -0.163728      1.112030 
  H       7.340486     -1.945548      0.904158 
  H       2.315167     -5.365969      0.697547 
  H       2.230896     -5.346885     -1.074229 
  H       1.072743     -6.311373     -0.138931 
  H      -1.048711     -6.302317      0.306385 
  H      -2.398486     -5.389250     -0.392553 
  H      -2.068318     -5.291382      1.346178 
  C      -0.332722     -0.178427      1.769053 
  N      -0.540384     -0.280786      2.919810 
His–heme–CN, 148.3˚ α-meso–Fe–γ-meso angle 
  C       0.504292     -0.329241     -4.335853 
251 
 
  N       1.378217      0.697865     -4.027656 
  C      -0.061794     -0.698784     -3.140924 
  C       1.320744      0.916504     -2.686839 
  N       0.454151      0.082821     -2.126704 
  H       0.370414     -0.692360     -5.347897 
  H       1.965110      1.201945     -4.684005 
  H      -0.796686     -1.468536     -2.933875 
  H       1.904636      1.665489     -2.162796 
  C      -2.403798     -2.328832      0.169769 
  C      -2.213822      2.362045     -0.981917 
  C       2.015135      2.230748      1.349440 
  C       2.408499     -2.346016     -0.135315 
  C      -2.796983     -1.047017     -0.201602 
  C      -4.153738     -0.630695     -0.498505 
  C      -4.077387      0.661687     -0.970429 
  C      -2.680414      1.054462     -0.890953 
  C      -5.187846      1.560056     -1.411594 
  C      -5.364303     -1.489744     -0.320456 
  C      -0.996419      2.795003     -0.448006 
  C      -0.694583      4.161789     -0.081986 
  C       0.438700      4.118871      0.719227 
  C       0.855540      2.721291      0.760012 
  C      -1.492228      5.353376     -0.497197 
  C       1.157359      5.198757      1.370277 
  C       0.703229      6.430427      1.677730 
  C       2.571638      0.977857      1.069624 
  C       3.923676      0.568186      1.368325 
  C       4.092396     -0.685820      0.790229 
  C       2.790983     -1.053102      0.236710 
  C       4.906970      1.361488      2.164491 
  C       5.262130     -1.542889      0.756470 
  C       6.550624     -1.192786      0.947273 
  C       1.092849     -2.795567     -0.212985 
  C       0.686040     -4.191710     -0.104030 
  C      -0.668914     -4.184932      0.132836 
  C      -1.088879     -2.792092      0.089582 
  C       1.619382     -5.357439     -0.166735 
  C      -1.583574     -5.341408      0.379935 
  N      -1.918337     -0.011798     -0.466179 
  N      -0.024126      1.947639      0.029282 
  N       1.921222     -0.004621      0.361653 
  N      -0.011897     -1.981623     -0.150261 
  Fe     -0.012759     -0.004928     -0.106883 
  H      -3.186804     -3.058792      0.377997 
  H      -2.923236      3.125388     -1.301943 
  H       2.614037      2.923627      1.939757 
  H       3.187926     -3.107532     -0.176059 
  H      -6.134453      1.011544     -1.503337 
  H      -4.975523      2.019698     -2.389775 
  H      -5.352699      2.382111     -0.695636 
  H      -5.503225     -1.774369      0.734598 
  H      -5.292516     -2.423346     -0.900625 
  H      -6.275725     -0.970167     -0.643983 
252 
 
  H      -2.217342      5.654440      0.278052 
  H      -2.058104      5.161420     -1.419929 
  H      -0.834791      6.217597     -0.674999 
  H       2.191331      4.970939      1.650318 
  H      -0.321136      6.749954      1.488905 
  H       1.358666      7.154462      2.163655 
  H       4.402907      2.058299      2.848493 
  H       5.582332      1.954991      1.524860 
  H       5.540245      0.696228      2.770264 
  H       5.065925     -2.597684      0.534457 
  H       6.862080     -0.165712      1.135151 
  H       7.340537     -1.943581      0.902422 
  H       2.326096     -5.358473      0.680174 
  H       2.219764     -5.352104     -1.090483 
  H       1.072712     -6.309034     -0.133873 
  H      -1.042706     -6.295898      0.334553 
  H      -2.398337     -5.389021     -0.361171 
  H      -2.054411     -5.276774      1.373971 
  C      -0.330513     -0.176797      1.754727 
  N      -0.538518     -0.278748      2.905423 
His–heme–CN, 147.3˚ α-meso–Fe–γ-meso angle 
  C       0.504362     -0.325364     -4.350146 
  N       1.384295      0.696162     -4.040651 
  C      -0.062136     -0.694717     -3.155341 
  C       1.327573      0.913918     -2.699607 
  N       0.457043      0.083735     -2.140305 
  H       0.368042     -0.686148     -5.362697 
  H       1.973843      1.197908     -4.696395 
  H      -0.800361     -1.461458     -2.948999 
  H       1.915168      1.659419     -2.174747 
  C      -2.398243     -2.320811      0.184472 
  C      -2.208178      2.361072     -0.999915 
  C       2.004636      2.221758      1.358332 
  C       2.410850     -2.343302     -0.154958 
  C      -2.792747     -1.042026     -0.196886 
  C      -4.150291     -0.625524     -0.490360 
  C      -4.074122      0.662413     -0.974712 
  C      -2.676140      1.053963     -0.904901 
  C      -5.185327      1.558688     -1.418313 
  C      -5.361622     -1.480304     -0.297756 
  C      -0.991991      2.794264     -0.462403 
  C      -0.693530      4.159622     -0.088113 
  C       0.432815      4.113610      0.722970 
  C       0.850487      2.716163      0.760841 
  C      -1.488567      5.352629     -0.504274 
  C       1.145120      5.190861      1.385204 
  C       0.688668      6.421863      1.691975 
  C       2.566425      0.972643      1.070615 
  C       3.917579      0.562271      1.372463 
  C       4.091613     -0.686089      0.783354 
  C       2.793135     -1.051093      0.220968 
  C       4.895673      1.350035      2.180403 
  C       5.262870     -1.540765      0.746296 
253 
 
  C       6.549632     -1.192360      0.951675 
  C       1.094859     -2.793509     -0.228264 
  C       0.687893     -4.188869     -0.109245 
  C      -0.664780     -4.179833      0.141027 
  C      -1.084635     -2.787045      0.094239 
  C       1.619751     -5.355657     -0.174812 
  C      -1.577326     -5.334479      0.404068 
  N      -1.914125     -0.010768     -0.476336 
  N      -0.022089      1.946128      0.017926 
  N       1.922034     -0.004389      0.349848 
  N      -0.009328     -1.979212     -0.161007 
  Fe     -0.009463     -0.004421     -0.121897 
  H      -3.180373     -3.047775      0.405875 
  H      -2.917121      3.124429     -1.321006 
  H       2.597531      2.910766      1.959196 
  H       3.190332     -3.104734     -0.197039 
  H      -6.134571      1.012316     -1.494500 
  H      -4.979863      2.004529     -2.404285 
  H      -5.341200      2.390786     -0.712042 
  H      -5.492928     -1.758210      0.760068 
  H      -5.296983     -2.417579     -0.872819 
  H      -6.274164     -0.960164     -0.617201 
  H      -2.217426      5.652100      0.268077 
  H      -2.049693      5.163315     -1.430433 
  H      -0.829899      6.217044     -0.676574 
  H       2.175888      4.961336      1.675409 
  H      -0.333268      6.743066      1.493139 
  H       1.339520      7.143664      2.187318 
  H       4.387206      2.042507      2.865519 
  H       5.575451      1.947503      1.549204 
  H       5.524663      0.680814      2.786287 
  H       5.069674     -2.592375      0.507239 
  H       6.858869     -0.168146      1.157602 
  H       7.340440     -1.941864      0.901249 
  H       2.336610     -5.351166      0.663531 
  H       2.208996     -5.357257     -1.105695 
  H       1.072848     -6.306575     -0.128586 
  H      -1.036426     -6.289146      0.362838 
  H      -2.397439     -5.388546     -0.330624 
  H      -2.040914     -5.261666      1.400930 
  C      -0.328360     -0.174802      1.740147 
  N      -0.536792     -0.276121      2.890787 
His–heme–CN, 146.3˚ α-meso–Fe–γ-meso angle 
  C       0.505844     -0.323072     -4.364343 
  N       1.389345      0.695112     -4.054169 
  C      -0.063410     -0.689902     -3.170057 
  C       1.334175      0.911432     -2.712771 
  N       0.459980      0.084612     -2.154125 
  H       0.368287     -0.682766     -5.377110 
  H       1.980854      1.195051     -4.709515 
  H      -0.805630     -1.452965     -2.964445 
  H       1.925336      1.653631     -2.187248 
  C      -2.392293     -2.312581      0.198987 
254 
 
  C      -2.202615      2.360151     -1.017643 
  C       1.994166      2.212714      1.366735 
  C       2.413279     -2.340674     -0.174234 
  C      -2.788248     -1.036913     -0.192287 
  C      -4.146611     -0.620231     -0.482139 
  C      -4.070824      0.663227     -0.978686 
  C      -2.671879      1.053505     -0.918667 
  C      -5.182892      1.557397     -1.424430 
  C      -5.358520     -1.470779     -0.275123 
  C      -0.987557      2.793599     -0.476764 
  C      -0.692562      4.157488     -0.094173 
  C       0.426869      4.108321      0.726547 
  C       0.845480      2.711035      0.761331 
  C      -1.485128      5.351906     -0.511029 
  C       1.132727      5.182836      1.399956 
  C       0.674032      6.413198      1.706053 
  C       2.561256      0.967432      1.071314 
  C       3.911458      0.556286      1.376480 
  C       4.090757     -0.686491      0.776788 
  C       2.795324     -1.049131      0.205462 
  C       4.884336      1.338478      2.196010 
  C       5.263389     -1.538966      0.736941 
  C       6.548374     -1.192430      0.956323 
  C       1.096978     -2.791495     -0.243368 
  C       0.689890     -4.186013     -0.114305 
  C      -0.660415     -4.174612      0.149076 
  C      -1.080138     -2.781884      0.098728 
  C       1.620216     -5.353897     -0.182514 
  C      -1.570867     -5.327297      0.427596 
  N      -1.909820     -0.009721     -0.486592 
  N      -0.019928      1.944705      0.006360 
  N       1.922931     -0.004139      0.337943 
  N      -0.006599     -1.976772     -0.171785 
  Fe     -0.006010     -0.003907     -0.137115 
  H      -3.173425     -3.036433      0.433541 
  H      -2.911210      3.123510     -1.339550 
  H       2.580997      2.897777      1.978010 
  H       3.192800     -3.102046     -0.217389 
  H      -6.134441      1.013127     -1.485842 
  H      -4.984140      1.990181     -2.417543 
  H      -5.330350      2.398798     -0.727467 
  H      -5.481866     -1.742582      0.785248 
  H      -5.301111     -2.411343     -0.845565 
  H      -6.272251     -0.949881     -0.589919 
  H      -2.217491      5.649791      0.258619 
  H      -2.041761      5.165231     -1.440414 
  H      -0.825320      6.216510     -0.678032 
  H       2.160158      4.951505      1.700314 
  H      -0.345331      6.736186      1.497203 
  H       1.320224      7.132667      2.210824 
  H       4.371518      2.026702      2.882138 
  H       5.568469      1.939788      1.573221 
  H       5.509055      0.665335      2.801984 
255 
 
  H       5.073131     -2.587326      0.481839 
  H       6.855421     -0.171174      1.179210 
  H       7.340039     -1.940680      0.900857 
  H       2.346535     -5.344306      0.647615 
  H       2.198888     -5.362124     -1.119947 
  H       1.073143     -6.304035     -0.123689 
  H      -1.029905     -6.282117      0.390815 
  H      -2.395861     -5.387704     -0.301072 
  H      -2.027741     -5.246259      1.426909 
  C      -0.326275     -0.172516      1.725378 
  N      -0.535262     -0.273033      2.875955 
His–heme–CN, 145.3˚ α-meso–Fe–γ-meso angle 
  C       0.505625     -0.319619     -4.378875 
  N       1.395673      0.692451     -4.067603 
  C      -0.064154     -0.685803     -3.184629 
  C       1.341496      0.908042     -2.725988 
  N       0.462977      0.085315     -2.167999 
  H       0.365344     -0.676980     -5.392092 
  H       1.990051      1.189614     -4.722450 
  H      -0.810139     -1.445338     -2.979611 
  H       1.936839      1.646406     -2.199801 
  C      -2.386199     -2.304165      0.213321 
  C      -2.197132      2.359261     -1.035078 
  C       1.983602      2.203599      1.374902 
  C       2.415708     -2.338126     -0.192905 
  C      -2.783652     -1.031678     -0.187809 
  C      -4.142828     -0.614786     -0.473988 
  C      -4.067527      0.664156     -0.982496 
  C      -2.667657      1.053068     -0.932273 
  C      -5.180502      1.556260     -1.430169 
  C      -5.355190     -1.461111     -0.252838 
  C      -0.983147      2.792992     -0.490989 
  C      -0.691763      4.155364     -0.100033 
  C       0.420777      4.103004      0.730115 
  C       0.840425      2.705913      0.761695 
  C      -1.482001      5.351166     -0.517373 
  C       1.120101      5.174715      1.414641 
  C       0.659215      6.404452      1.720066 
  C       2.556090      0.962266      1.071830 
  C       3.905339      0.550373      1.380298 
  C       4.089943     -0.686847      0.770385 
  C       2.797564     -1.047175      0.190253 
  C       4.872986      1.327025      2.211161 
  C       5.264039     -1.537035      0.728021 
  C       6.547226     -1.192191      0.960468 
  C       1.099089     -2.789537     -0.258004 
  C       0.691871     -4.183153     -0.118985 
  C      -0.656020     -4.169276      0.157076 
  C      -1.075586     -2.776616      0.103162 
  C       1.620599     -5.352199     -0.189576 
  C      -1.564462     -5.319910      0.450392 
  N      -1.905508     -0.008687     -0.496886 
  N      -0.017687      1.943354     -0.005270 
256 
 
  N       1.923888     -0.003853      0.326058 
  N      -0.003853     -1.974343     -0.182397 
  Fe     -0.002465     -0.003432     -0.152399 
  H      -3.166244     -3.024814      0.460838 
  H      -2.905477      3.122617     -1.357612 
  H       2.564313      2.884643      1.996461 
  H       3.195249     -3.099476     -0.236877 
  H      -6.134004      1.013983     -1.477956 
  H      -4.988081      1.976962     -2.429675 
  H      -5.320324      2.406091     -0.741949 
  H      -5.470417     -1.727336      0.809863 
  H      -5.305018     -2.404635     -0.819060 
  H      -6.270103     -0.939264     -0.562614 
  H      -2.217692      5.647438      0.249721 
  H      -2.034327      5.167122     -1.449831 
  H      -0.821152      6.215977     -0.679224 
  H       2.144077      4.941502      1.725114 
  H      -0.357452      6.729296      1.501242 
  H       1.300660      7.121516      2.234246 
  H       4.355868      2.010851      2.898438 
  H       5.561148      1.932318      1.596723 
  H       5.493727      0.650021      2.816937 
  H       5.076811     -2.582189      0.457979 
  H       6.851949     -0.173848      1.199051 
  H       7.339856     -1.939064      0.900329 
  H       2.355471     -5.338117      0.632935 
  H       2.189544     -5.366581     -1.132842 
  H       1.073335     -6.301459     -0.119257 
  H      -1.023436     -6.274862      0.418196 
  H      -2.393858     -5.386386     -0.272689 
  H      -2.015188     -5.230779      1.451793 
  C      -0.324302     -0.169953      1.710563 
  N      -0.533958     -0.269477      2.861073 
His–heme–CN, 144.2˚ α-meso–Fe–γ-meso angle 
  C       0.507137     -0.317559     -4.393222 
  N       1.401146      0.690757     -4.081311 
  C      -0.065521     -0.680919     -3.199477 
  C       1.348588      0.904970     -2.739348 
  N       0.466087      0.086033     -2.181978 
  H       0.365477     -0.673794     -5.406641 
  H       1.997697      1.185800     -4.735774 
  H      -0.815803     -1.436401     -2.995193 
  H       1.947809      1.639735     -2.212543 
  C      -2.379794     -2.295560      0.227422 
  C      -2.191728      2.358374     -1.052349 
  C       1.972936      2.194237      1.382672 
  C       2.418183     -2.335751     -0.211322 
  C      -2.778877     -1.026345     -0.183501 
  C      -4.138882     -0.609199     -0.465811 
  C      -4.064225      0.665170     -0.986113 
  C      -2.663470      1.052629     -0.945814 
  C      -5.178200      1.555231     -1.435421 
  C      -5.351537     -1.451275     -0.230566 
257 
 
  C      -0.978747      2.792393     -0.505224 
  C      -0.691029      4.153197     -0.105876 
  C       0.414604      4.097534      0.733539 
  C       0.835325      2.700650      0.761776 
  C      -1.478992      5.350406     -0.523518 
  C       1.107347      5.166320      1.429163 
  C       0.644385      6.395469      1.733936 
  C       2.550852      0.956923      1.072128 
  C       3.899116      0.544279      1.383992 
  C       4.089058     -0.687392      0.764173 
  C       2.799820     -1.045375      0.175206 
  C       4.861493      1.315427      2.225977 
  C       5.264590     -1.535350      0.719679 
  C       6.545956     -1.192109      0.964422 
  C       1.101258     -2.787678     -0.272517 
  C       0.693928     -4.180310     -0.123480 
  C      -0.651459     -4.163824      0.165040 
  C      -1.070849     -2.771253      0.107463 
  C       1.621014     -5.350557     -0.196147 
  C      -1.557903     -5.312253      0.472886 
  N      -1.901164     -0.007693     -0.507339 
  N      -0.015393      1.942002     -0.017077 
  N       1.924850     -0.003708      0.314122 
  N      -0.001002     -1.971929     -0.193052 
  Fe      0.001162     -0.003032     -0.167830 
  H      -3.158633     -3.012892      0.487865 
  H      -2.899916      3.121729     -1.375302 
  H       2.547427      2.871147      2.014470 
  H       3.197725     -3.097104     -0.255922 
  H      -6.133317      1.014775     -1.470673 
  H      -4.991785      1.964846     -2.440633 
  H      -5.311139      2.412651     -0.755326 
  H      -5.458363     -1.712324      0.834297 
  H      -5.308687     -2.397505     -0.792861 
  H      -6.267654     -0.928324     -0.534904 
  H      -2.217838      5.645090      0.241154 
  H      -2.027189      5.169016     -1.458909 
  H      -0.817135      6.215396     -0.680344 
  H       2.127732      4.931090      1.749714 
  H      -0.369440      6.722301      1.505170 
  H       1.281033      7.110016      2.257516 
  H       4.340091      1.994648      2.914567 
  H       5.553310      1.924905      1.619826 
  H       5.478602      0.634644      2.831242 
  H       5.080381     -2.577363      0.435788 
  H       6.848308     -0.176609      1.217474 
  H       7.339592     -1.937573      0.900100 
  H       2.363602     -5.332494      0.619334 
  H       2.181048     -5.370685     -1.144596 
  H       1.073538     -6.298872     -0.115327 
  H      -1.016847     -6.267337      0.445343 
  H      -2.391477     -5.384610     -0.244764 
  H      -2.002717     -5.215037      1.476164 
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  C      -0.322520     -0.167195      1.695602 
  N      -0.533004     -0.265568      2.846030 
His–heme–CN, 143.2˚ α-meso–Fe–γ-meso angle 
  C       0.506856     -0.314012     -4.407949 
  N       1.407936      0.687566     -4.094897 
  C      -0.066537     -0.676455     -3.214260 
  C       1.356492      0.900981     -2.752694 
  N       0.469236      0.086664     -2.196008 
  H       0.362276     -0.667738     -5.421831 
  H       2.007632      1.179471     -4.748835 
  H      -0.821022     -1.427912     -3.010650 
  H       1.960327      1.631449     -2.225202 
  C      -2.373116     -2.286686      0.241437 
  C      -2.186371      2.357495     -1.069480 
  C       1.962185      2.184785      1.390116 
  C       2.420689     -2.333429     -0.229397 
  C      -2.773948     -1.020847     -0.179267 
  C      -4.134783     -0.603450     -0.457671 
  C      -4.060893      0.666264     -0.989659 
  C      -2.659296      1.052197     -0.959329 
  C      -5.175926      1.554268     -1.440468 
  C      -5.347578     -1.441294     -0.208504 
  C      -0.974356      2.791832     -0.519423 
  C      -0.690476      4.151009     -0.111579 
  C       0.408245      4.091988      0.736930 
  C       0.830146      2.695356      0.761694 
  C      -1.476311      5.349596     -0.529314 
  C       1.094295      5.157763      1.443644 
  C       0.629295      6.386326      1.747798 
  C       2.545600      0.951590      1.072202 
  C       3.892869      0.538205      1.387482 
  C       4.088154     -0.687944      0.758083 
  C       2.802115     -1.043582      0.160329 
  C       4.849949      1.303833      2.240415 
  C       5.265106     -1.533712      0.711817 
  C       6.544652     -1.191897      0.967976 
  C       1.103465     -2.785842     -0.286769 
  C       0.696023     -4.177424     -0.127721 
  C      -0.646784     -4.158199      0.173034 
  C      -1.065955     -2.765715      0.111782 
  C       1.621404     -5.348926     -0.202255 
  C      -1.551273     -5.304307      0.495027 
  N      -1.896790     -0.006690     -0.517858 
  N      -0.013024      1.940717     -0.029001 
  N       1.925852     -0.003547      0.302137 
  N       0.001939     -1.969465     -0.203589 
  Fe      0.004871     -0.002651     -0.183305 
  H      -3.150648     -3.000613      0.514676 
  H      -2.894475      3.120847     -1.392704 
  H       2.530375      2.857475      2.032060 
  H       3.200230     -3.094797     -0.274479 
  H      -6.132349      1.015427     -1.464257 
  H      -4.995128      1.953677     -2.450779 
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  H      -5.302756      2.418543     -0.767953 
  H      -5.445910     -1.697468      0.858360 
  H      -5.311985     -2.390037     -0.767062 
  H      -6.264887     -0.917167     -0.507216 
  H      -2.218200      5.642609      0.233051 
  H      -2.020500      5.170883     -1.467538 
  H      -0.813552      6.214808     -0.681176 
  H       2.110961      4.920430      1.774256 
  H      -0.381562      6.715216      1.509117 
  H       1.261034      7.098267      2.280808 
  H       4.324284      1.978184      2.930537 
  H       5.545066      1.917728      1.642536 
  H       5.463753      0.619276      2.844795 
  H       5.083901     -2.572717      0.415242 
  H       6.844587     -0.179095      1.234189 
  H       7.339352     -1.935907      0.899960 
  H       2.370933     -5.327430      0.606776 
  H       2.173304     -5.374358     -1.155298 
  H       1.073651     -6.296237     -0.111931 
  H      -1.010254     -6.259534      0.471986 
  H      -2.388875     -5.382205     -0.217290 
  H      -1.990312     -5.199177      1.500036 
  C      -0.320894     -0.164107      1.680607 
  N      -0.532344     -0.261124      2.830946 
His–heme–CN, 142.2˚ α-meso–Fe–γ-meso angle 
  C       0.506435     -0.311126     -4.422086 
  N       1.413921      0.684334     -4.108260 
  C      -0.069969     -0.670155     -3.228809 
  C       1.364887      0.896000     -2.765623 
  N       0.472069      0.087282     -2.209549 
  H       0.359256     -0.662892     -5.436272 
  H       2.016730      1.172963     -4.761774 
  H      -0.830280     -1.415931     -3.026043 
  H       1.974389      1.621245     -2.237471 
  C      -2.366489     -2.278084      0.255757 
  C      -2.180442      2.356059     -1.086385 
  C       1.951717      2.175445      1.398023 
  C       2.423064     -2.330809     -0.247216 
  C      -2.768903     -1.015615     -0.174668 
  C      -4.130435     -0.597594     -0.449476 
  C      -4.057083      0.667313     -0.993183 
  C      -2.654636      1.051370     -0.972586 
  C      -5.172930      1.553465     -1.445691 
  C      -5.343408     -1.431054     -0.186829 
  C      -0.969562      2.790821     -0.533352 
  C      -0.689881      4.148416     -0.117262 
  C       0.401679      4.086273      0.740582 
  C       0.825142      2.689996      0.762179 
  C      -1.473699      5.348215     -0.535364 
  C       1.080496      5.149112      1.458511 
  C       0.613720      6.377529      1.760695 
  C       2.540339      0.946363      1.072666 
  C       3.886611      0.531951      1.391006 
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  C       4.087123     -0.688537      0.751989 
  C       2.804228     -1.041622      0.145675 
  C       4.838587      1.291886      2.254625 
  C       5.265447     -1.532177      0.703692 
  C       6.543175     -1.192036      0.971034 
  C       1.105660     -2.783646     -0.300613 
  C       0.698386     -4.174151     -0.131845 
  C      -0.641724     -4.152362      0.181179 
  C      -1.061066     -2.760085      0.116615 
  C       1.622172     -5.346811     -0.208533 
  C      -1.544061     -5.296319      0.516692 
  N      -1.892120     -0.006287     -0.528026 
  N      -0.010104      1.939189     -0.040434 
  N       1.926665     -0.003110      0.290396 
  N       0.004730     -1.966652     -0.213585 
  Fe      0.008725     -0.002427     -0.198405 
  H      -3.142567     -2.988537      0.541812 
  H      -2.888528      3.119441     -1.409746 
  H       2.513408      2.843671      2.050302 
  H       3.202608     -3.092237     -0.292575 
  H      -6.130650      1.016484     -1.458434 
  H      -4.997423      1.942748     -2.460860 
  H      -5.293761      2.424415     -0.780758 
  H      -5.432440     -1.684144      0.881581 
  H      -5.315820     -2.381352     -0.743219 
  H      -6.261882     -0.904857     -0.478271 
  H      -2.217806      5.640400      0.225161 
  H      -2.014805      5.171521     -1.475722 
  H      -0.809993      6.213367     -0.683640 
  H       2.092763      4.909285      1.800578 
  H      -0.393503      6.708968      1.510520 
  H       1.240118      7.086783      2.303520 
  H       4.308830      1.961576      2.946146 
  H       5.537025      1.909906      1.664893 
  H       5.449013      0.603534      2.858136 
  H       5.087125     -2.568007      0.394524 
  H       6.840761     -0.182104      1.250349 
  H       7.338884     -1.934607      0.899122 
  H       2.377954     -5.322568      0.594598 
  H       2.166649     -5.376651     -1.165671 
  H       1.074210     -6.293193     -0.109995 
  H      -1.002691     -6.251458      0.498938 
  H      -2.384892     -5.380117     -0.191117 
  H      -1.978410     -5.183146      1.522850 
  C      -0.319969     -0.160309      1.666010 
  N      -0.532799     -0.255521      2.816234 
His–heme–CN, 141.2˚ α-meso–Fe–γ-meso angle 
  C       0.507530     -0.308637     -4.437339 
  N       1.420793      0.681169     -4.122629 
  C      -0.069841     -0.666510     -3.244154 
  C       1.372578      0.892318     -2.779794 
  N       0.475684      0.087670     -2.224296 
  H       0.358102     -0.658466     -5.451863 
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  H       2.026314      1.166986     -4.775715 
  H      -0.833815     -1.408690     -3.041958 
  H       1.985941      1.613878     -2.251076 
  C      -2.358984     -2.268390      0.268975 
  C      -2.175786      2.355775     -1.103117 
  C       1.940556      2.165470      1.404049 
  C       2.425884     -2.329161     -0.264640 
  C      -2.763590     -1.009517     -0.171122 
  C      -4.126081     -0.591536     -0.441435 
  C      -4.054112      0.668736     -0.996250 
  C      -2.650958      1.051350     -0.985982 
  C      -5.171411      1.552740     -1.449378 
  C      -5.338669     -1.421080     -0.165007 
  C      -0.965489      2.790745     -0.547636 
  C      -0.689598      4.146553     -0.122769 
  C       0.395284      4.080641      0.743443 
  C       0.819765      2.684577      0.760904 
  C      -1.471499      5.347869     -0.540109 
  C       1.067595      5.140023      1.472457 
  C       0.598869      6.367581      1.775228 
  C       2.535020      0.940723      1.071807 
  C       3.880244      0.525863      1.394024 
  C       4.086248     -0.689337      0.746401 
  C       2.806777     -1.040258      0.131204 
  C       4.826697      1.280527      2.268227 
  C       5.266006     -1.530832      0.697608 
  C       6.541888     -1.191398      0.974619 
  C       1.108042     -2.782328     -0.314608 
  C       0.700375     -4.171593     -0.135654 
  C      -0.637073     -4.146528      0.188826 
  C      -1.055705     -2.754250      0.120232 
  C       1.622212     -5.345734     -0.213182 
  C      -1.537784     -5.287659      0.538053 
  N      -1.887924     -0.004750     -0.538964 
  N      -0.008020      1.938208     -0.053069 
  N       1.927862     -0.003502      0.278289 
  N       0.008157     -1.964425     -0.224279 
  Fe      0.012597     -0.002099     -0.214520 
  H      -3.133622     -2.975286      0.567255 
  H      -2.883922      3.119136     -1.426390 
  H       2.495894      2.829382      2.066070 
  H       3.205388     -3.090595     -0.310313 
  H      -6.129904      1.016924     -1.451956 
  H      -5.001449      1.933380     -2.468746 
  H      -5.287138      2.429314     -0.790981 
  H      -5.419072     -1.669510      0.905177 
  H      -5.317914     -2.373723     -0.717667 
  H      -6.258413     -0.893945     -0.450755 
  H      -2.218729      5.637713      0.218243 
  H      -2.008505      5.174463     -1.483412 
  H      -0.807073      6.213428     -0.682759 
  H       2.076259      4.897996      1.823460 
  H      -0.405463      6.701106      1.516408 
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  H       1.220482      7.073893      2.327321 
  H       4.292602      1.944825      2.961599 
  H       5.527669      1.903432      1.686681 
  H       5.434570      0.588607      2.870232 
  H       5.090797     -2.564183      0.378493 
  H       6.836855     -0.183582      1.264016 
  H       7.338853     -1.932412      0.900497 
  H       2.383590     -5.318674      0.584556 
  H       2.159964     -5.380723     -1.173907 
  H       1.073701     -6.290911     -0.106372 
  H      -0.996945     -6.243164      0.524012 
  H      -2.382822     -5.375987     -0.164111 
  H      -1.965980     -5.166970      1.545959 
  C      -0.318262     -0.156995      1.650357 
  N      -0.532127     -0.250634      2.800478 
His–heme–CN, 140.2˚ α-meso–Fe–γ-meso angle 
  C       0.507880     -0.306148     -4.451295 
  N       1.427076      0.677822     -4.135846 
  C      -0.072389     -0.660719     -3.258518 
  C       1.380880      0.887475     -2.792626 
  N       0.478761      0.088193     -2.237709 
  H       0.356149     -0.654201     -5.466085 
  H       2.035587      1.160441     -4.788503 
  H      -0.841780     -1.397499     -3.057175 
  H       1.999426      1.604119     -2.263299 
  C      -2.351866     -2.259239      0.283225 
  C      -2.169689      2.354207     -1.119959 
  C       1.929959      2.155708      1.411353 
  C       2.428230     -2.326750     -0.282128 
  C      -2.758289     -1.003957     -0.166689 
  C      -4.121477     -0.585184     -0.433253 
  C      -4.050185      0.670037     -0.999740 
  C      -2.646225      1.050459     -0.999460 
  C      -5.168299      1.552299     -1.454329 
  C      -5.334063     -1.410165     -0.143460 
  C      -0.960473      2.789739     -0.561751 
  C      -0.689166      4.143842     -0.128395 
  C       0.388397      4.074649      0.747007 
  C       0.814700      2.679025      0.761022 
  C      -1.469252      5.346331     -0.545842 
  C       1.053093      5.130878      1.487390 
  C       0.582413      6.358111      1.788606 
  C       2.529741      0.935263      1.071933 
  C       3.873946      0.519304      1.397160 
  C       4.085160     -0.690192      0.740343 
  C       2.808936     -1.038501      0.116652 
  C       4.815316      1.268200      2.281705 
  C       5.266263     -1.529654      0.690059 
  C       6.540414     -1.191350      0.976304 
  C       1.110270     -2.780315     -0.328202 
  C       0.702736     -4.168304     -0.139357 
  C      -0.631832     -4.140394      0.197158 
  C      -1.050613     -2.748356      0.125206 
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  C       1.622854     -5.343712     -0.218672 
  C      -1.530376     -5.279172      0.559510 
  N      -1.883215     -0.004538     -0.549531 
  N      -0.004706      1.936774     -0.064905 
  N       1.928731     -0.003221      0.266422 
  N       0.011051     -1.961612     -0.234200 
  Fe      0.016592     -0.002111     -0.229613 
  H      -3.124884     -2.962383      0.594283 
  H      -2.877934      3.117650     -1.443028 
  H       2.478524      2.814881      2.083724 
  H       3.207741     -3.088274     -0.327838 
  H      -6.127771      1.018210     -1.447149 
  H      -5.003146      1.923901     -2.477800 
  H      -5.278870      2.434650     -0.802823 
  H      -5.405220     -1.655576      0.928066 
  H      -5.321195     -2.364282     -0.693843 
  H      -6.254801     -0.880897     -0.422018 
  H      -2.218793      5.635050      0.210657 
  H      -2.003046      5.175053     -1.491326 
  H      -0.804071      6.211977     -0.684668 
  H       2.057140      4.886277      1.849637 
  H      -0.418105      6.694126      1.518541 
  H       1.198307      7.061591      2.350650 
  H       4.277150      1.926996      2.977177 
  H       5.518630      1.895988      1.708253 
  H       5.420782      0.572503      2.881795 
  H       5.093796     -2.560266      0.360727 
  H       6.833002     -0.185913      1.276161 
  H       7.338502     -1.930856      0.899187 
  H       2.389326     -5.314706      0.574126 
  H       2.154424     -5.382443     -1.182646 
  H       1.073975     -6.287900     -0.105138 
  H      -0.989518     -6.234715      0.549506 
  H      -2.379068     -5.372289     -0.137581 
  H      -1.953170     -5.151151      1.568774 
  C      -0.318261     -0.152291      1.635693 
  N      -0.534143     -0.243462      2.785633 
His–heme–CN, 139.1˚ α-meso–Fe–γ-meso angle 
  C       0.508390     -0.303289     -4.465301 
  N       1.433399      0.674844     -4.149012 
  C      -0.073253     -0.656204     -3.272680 
  C       1.388494      0.883535     -2.805501 
  N       0.482079      0.088679     -2.251096 
  H       0.354259     -0.649323     -5.480416 
  H       2.044627      1.154593     -4.801222 
  H      -0.846828     -1.388788     -3.072075 
  H       2.011302      1.596062     -2.275639 
  C      -2.344489     -2.249930      0.297384 
  C      -2.163857      2.352662     -1.136311 
  C       1.919194      2.145658      1.418228 
  C       2.430636     -2.324691     -0.299412 
  C      -2.752869     -0.998313     -0.162333 
  C      -4.116756     -0.578908     -0.425149 
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  C      -4.046345      0.671295     -1.002922 
  C      -2.641627      1.049496     -1.012563 
  C      -5.165399      1.551794     -1.458658 
  C      -5.329082     -1.399616     -0.122368 
  C      -0.955502      2.788720     -0.575586 
  C      -0.688792      4.141137     -0.133848 
  C       0.381635      4.068601      0.750295 
  C       0.809527      2.673338      0.760821 
  C      -1.467201      5.344825     -0.551014 
  C       1.038933      5.121453      1.501908 
  C       0.567117      6.348814      1.801032 
  C       2.524179      0.929509      1.071923 
  C       3.867424      0.512697      1.400142 
  C       4.083941     -0.691140      0.734502 
  C       2.810998     -1.036964      0.102446 
  C       4.803631      1.256008      2.294809 
  C       5.266473     -1.528467      0.683164 
  C       6.538857     -1.190885      0.978043 
  C       1.112430     -2.778440     -0.341545 
  C       0.704927     -4.165089     -0.143012 
  C      -0.626680     -4.134154      0.205258 
  C      -1.045374     -2.742302      0.130224 
  C       1.623219     -5.341849     -0.223782 
  C      -1.523208     -5.270414      0.580374 
  N      -1.878594     -0.004365     -0.559788 
  N      -0.001536      1.935307     -0.076557 
  N       1.929310     -0.003471      0.254988 
  N       0.014113     -1.958709     -0.243571 
  Fe      0.020677     -0.002470     -0.244770 
  H      -3.115800     -2.949363      0.620646 
  H      -2.872240      3.116147     -1.459069 
  H       2.461189      2.800071      2.100475 
  H       3.210121     -3.086246     -0.345452 
  H      -6.125718      1.019381     -1.441818 
  H      -5.005231      1.914584     -2.486065 
  H      -5.270925      2.439690     -0.813907 
  H      -5.390114     -1.643779      0.950050 
  H      -5.324648     -2.354281     -0.671971 
  H      -6.250900     -0.867624     -0.392094 
  H      -2.218153      5.632906      0.204331 
  H      -1.998839      5.175540     -1.498041 
  H      -0.801180      6.210314     -0.687040 
  H       2.037882      4.873651      1.875852 
  H      -0.429055      6.688041      1.519277 
  H       1.177426      7.049070      2.373114 
  H       4.261383      1.909247      2.992340 
  H       5.509076      1.888659      1.729341 
  H       5.406892      0.556679      2.892900 
  H       5.096911     -2.556536      0.344477 
  H       6.828882     -0.187582      1.287308 
  H       7.338224     -1.928747      0.898394 
  H       2.393856     -5.311559      0.564947 
  H       2.149677     -5.383843     -1.190381 
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  H       1.073725     -6.285006     -0.104759 
  H      -0.982443     -6.226039      0.574379 
  H      -2.375398     -5.368086     -0.111777 
  H      -1.940791     -5.135146      1.590843 
  C      -0.318962     -0.147075      1.620920 
  N      -0.537255     -0.235283      2.770616 
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4 
C.1. CD SPECTROSCOPY EXPERIMENTAL 
To determine the effect of the F23X mutations on the fold of MhuD, UV CD spectra 
were collected on WT MhuD–heme–CN, F23A MhuD–heme–CN, and F23W MhuD–
heme–CN between 240 and 190 nm in quartz cuvettes. The cyanide-inhibited, heme bound 
species were prepared as described in the main text. The species were exchanged into 50 
mM potassium phosphate, pH 7.4 with no NaCl using a PD-10 column (GE Healthcare). 
The samples were then further diluted with Milli-Q water to contain 10 mM KPi, pH 7.4.  
The measurements were performed on a Jasco J-815 spectropolarimeter averaging 5 scans 
with a scanning speed of 20 nm/min, a bandwidth of 1 nm, a digital integration time of 8 
s, and a data pitch of 0.5 nm. 
C.2. RESULTS 
 UV CD was utilized to monitor if the substitutions to Phe23 affected the secondary 
structure of the polypeptide. UV CD can be analyzed to assess the percentage of α-helices 
and β-sheets comprising the protein secondary (Figure C6).1  The cyanide-inhibited 
versions of the species were studied to ensure the enzyme was inactive for the experiment. 
The UV CD spectra for WT, F23A, and F23W MhuD–heme–CN display a peak maximum 
of 191 nm.  WT and F23W cross through the zero line at 198 nm and F23A is shifted to 
197 nm. A negative band at 209 nm is observed for WT and F23A MhuD but is found at 
208 nm for F23W MhuD. Because of the differences observed between WT, F23A, and 
F23W MhuD, the data was analyzed with SELCON3 using IBasis=4 in the CDPro software 
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package,2-6 and the newly developed BestSel program for deconvolution of the curves to 
percentage α helices and β-sheets (Table C6).7 The WT SELCON3 data was previously 
compared to the X-ray crystal structure of WT MhuD–heme–CN (PDB 4NL5) and found 
to have no significant changes to the structure.8 The SELCON3 analysis reveals a constant 
percentage of β-sheets between the species and a slight increase in α-helices from WT to 
F23A to F23W MhuD. The BestSel analysis provides UV CD WT fold values closer to the 
X-ray crystallography attained values. The F23A and F23W MhuD variants change only 
by 2% at most compared to WT MhuD when analyzed by the BestSel program.  As the 
mutations do not significantly affect the protein secondary structure the changes to the 
electronic structure of the heme are due to changes to the second coordination sphere and 
not due to the protein unfolding.  
 
Table C1. F23A MhuD mutagenic primer  
Primer Sequence 
Forward 5'-GCTGGAGAAGCGGGCCGCTCACCGCGCG -3' 
Reverse 5'-CGCGCGGTGAGCGGCCCGCTTCTCCAGC -3' 
 
Table C2. F23W MhuD mutagenic primer 
Primer Sequence 
Forward 5'-GCTGGAGAAGCGGTGGGCTCACCGCGCG -3' 
Reverse 5'-CGCGCGGTGAGCCCACCGCTTCTCCAGC-3' 
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Table C3. F23A MhuD gene sequence 
M1 P2 V3 V4 K5 I6 N7 A8 I9 
ATG CCA GTG GTG AAG ATC AAC GCA ATC 
E10 V11 P12 A13 G14 A15 G16 P17 E18 
GAG GTG CCC GCC GGC GCT GGC CCC GAG 
L19 E20 K21 R22 A23 A24 H25 R26 A27 
CTG GAG AAG CGG GCC GCT CAC CGC GCG 
H28 A29 V30 E31 N32 S33 P34 G35 F36 
CAC GCG GTC GAG AAC TCC CCG GGT TTC 
L37 G38 F39 Q40 L41 L42 R43 P44 V45 
CTC GGC TTT CAG CTG TTA CGT CCG GTC 
K46 G47 E48 E49 R50 Y51 F52 V53 V54 
AAG GGT GAA GAA CGC TAC TTC GTG GTG 
T55 H56 W57 E58 S59 D60 E61 A62 F63 
ACA CAC TGG GAG TCC GAT GAA GCA TTC 
Q64 A65 W66 A67 N68 G69 P70 A71 I72 
CAG GCG TGG GCA AAC GGG CCC GCC ATC 
A73 A74 H75 A76 G77 H78 R79 A80 N81 
GCA GCC CAT GCC GGA CAC CGG GCC AAC 
P82 V83 A84 T85 G86 A87 S88 L89 L90 
CCC GTG GCG ACC GGT GCT TCG CTG CTG 
E91 F92 E93 V94 V95 L96 D97 V98 G99 
GAA TTC GAG GTC GTG CTT GAC GTC GGT 
G100 T101 G102 K103 T104 A105 G106 G107 V108 
GGG ACC GGC AAG ACT GCA GGA GGT GTA 
P109 R110 G111 K112 L113 A114 A115 A116 L117 
CCA CGA GGT AAG CTT GCG GCC GCA CTC 
E118 H119 H120 H121 H122 H123 H124     
GAG CAC CAC CAC CAC CAC CAC     
 
  
269 
 
 
Table C4. F23W MhuD gene sequence 
M1 P2 V3 V4 K5 I6 N7 A8 I9 
ATG CCA GTG GTG AAG ATC AAC GCA ATC 
E10 V11 P12 A13 G14 A15 G16 P17 E18 
GAG GTG CCC GCC GGC GCT GGC CCC GAG 
L19 E20 K21 R22 W23 A24 H25 R26 A27 
CTG GAG AAG CGG TGG GCT CAC CGC GCG 
H28 A29 V30 E31 N32 S33 P34 G35 F36 
CAC GCG GTC GAG AAC TCC CCG GGT TTC 
L37 G38 F39 Q40 L41 L42 R43 P44 V45 
CTC GGC TTT CAG CTG TTA CGT CCG GTC 
K46 G47 E48 E49 R50 Y51 F52 V53 V54 
AAG GGT GAA GAA CGC TAC TTC GTG GTG 
T55 H56 W57 E58 S59 D60 E61 A62 F63 
ACA CAC TGG GAG TCC GAT GAA GCA TTC 
Q64 A65 W66 A67 N68 G69 P70 A71 I72 
CAG GCG TGG GCA AAC GGG CCC GCC ATC 
A73 A74 H75 A76 G77 H78 R79 A80 N81 
GCA GCC CAT GCC GGA CAC CGG GCC AAC 
P82 V83 A84 T85 G86 A87 S88 L89 L90 
CCC GTG GCG ACC GGT GCT TCG CTG CTG 
E91 F92 E93 V94 V95 L96 D97 V98 G99 
GAA TTC GAG GTC GTG CTT GAC GTC GGT 
G100 T101 G102 K103 T104 A105 G106 G107 V108 
GGG ACC GGC AAG ACT GCA GGA GGT GTA 
P109 R110 G111 K112 L113 A114 A115 A116 L117 
CCA CGA GGT AAG CTT GCG GCC GCA CTC 
E118 H119 H120 H121 H122 H123 H124     
GAG CAC CAC CAC CAC CAC CAC     
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Table C5. WT IsdI gene sequence. 
M1 
ATG 
F2 
TTT 
M3 
ATG 
A4 
GCA 
E5 
GAA 
N6 
AAT 
R7 
AGA 
L8 
TTA 
Q9 
CAA 
L10 
TTA 
Q11 
CAA 
K12 
AAA 
G13 
GGC 
S14 
AGT 
A15 
GCG 
E16 
GAA 
E17 
GAA 
T18 
ACG 
I19 
ATT 
E20 
GAA 
R21 
CGT 
F22 
TTT 
Y23 
TAC 
N24 
AAT 
R25 
AGA 
Q26 
CAA 
G27 
GGT 
I28 
ATT 
E29 
GAA 
T30 
ACT 
I31 
ATT 
E32 
GAA 
G33 
GGC 
F34 
TTC 
Q35 
CAA 
Q36 
CAA 
M37 
ATG 
F38 
TTT 
V39 
GTC 
T40 
ACT 
K41 
AAA 
T42 
ACA 
L43 
TTA 
N44 
AAT 
T45 
ACC 
E46 
GAG 
D47 
GAT 
T48 
ACA 
D49 
GAC 
E50 
GAA 
V51 
GTT 
K52 
AAA 
I53 
ATC 
L54 
TTA 
T55 
ACT 
I56 
ATT 
W57 
TGG 
E58 
GAA 
S59 
TCT 
E60 
GAA 
D61 
GAT 
S62 
AGC 
F63 
TTT 
N64 
AAT 
N65 
AAT 
W66 
TGG 
L67 
TTG 
N68 
AAT 
S69 
TCC 
D70 
GAT 
V71 
GTA 
F72 
TTT 
K73 
AAA 
E74 
GAA 
A75 
GCT 
H76 
CAT 
K77 
AAA 
N78 
AAT 
V79 
GTA 
R80 
CGT 
L81 
TTA 
K82 
AAA 
S83 
AGT 
D84 
GAT 
D85 
GAC 
D86 
GAT 
G87 
GGA 
Q88 
CAG 
Q89 
CAA 
S90 
AGT 
P91 
CCA 
I92 
ATA 
L93 
TTA 
S94 
TCA 
N95 
AAT 
K96 
AAA 
V97 
GTA 
F98 
TTC 
K99 
AAA 
Y100 
TAT 
D101 
GAT 
I102 
ATT 
G103 
GGC 
Y104 
TAC 
H105 
CAC 
Y106 
TAT 
Q107 
CAA 
K108 
AAA 
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Table C6. Secondary structure analysis by UV CD for MhuD–heme–CN variants  
Species Percent α 
helical 
Percent β sheet 
WTa 14.0 21.0 
F23Aa 23.0 22.0 
F23Wa 27.0 21.0 
WTb 21.0 31.0 
F23Ab 22.0 29.5 
F23Wb 20.9 33.4 
WTc 19.0 31.0 
a Analyzed with Selcon32-6 b Analyzed with BestSel7 c From X-ray crystal structure (PDB 
4NL5)8  
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Figure C1. SDS-PAGE gel of F23A MhuD. 50 mM Tris, pH 7.4, 50 mM NaCl, 25 mM 
imidazole wash (1), 50 mM Tris, pH 7.4, 50 mM NaCl, 50 mM imidazole wash (2), 50 
mM Tris, pH 7.4, 50 mM NaCl, 75 mM imidazole wash (3), 50 mM Tris, pH 7.4, 50 mM 
NaCl, 100 mM imidazole wash (4), 1/100 dilution of F23A MhuD (5), 1/10 dilution of 
F23A MhuD (6), pure F23A MhuD (7), and molecular weight ladder (8). 
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Figure C2. SDS-PAGE gel of F23W MhuD. Lysate (1), column flow through (2), 50 mM 
Tris, pH 7.4, 50 mM NaCl, 25 mM imidazole wash (3), 50 mM Tris, pH 7.4, 50 mM NaCl, 
50 mM imidazole wash (4), 50 mM Tris, pH 7.4, 50 mM NaCl, 75 mM imidazole wash 
(5), 50 mM Tris, pH 7.4, 50 mM NaCl, 100 mM imidazole wash (6), molecular weight 
ladder (7), pure F23W MhuD (8), 1/10 dilution of F23W MhuD (9), and 1/100 dilution of 
F23W MhuD (10). 
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Figure C3. SDS-PAGE gel of uncleaved WT IsdI. Lysate (1), column flow through (2), 
50 mM Tris, pH 7.4, 10 mM imidazole wash (3), 50 mM Tris, pH 7.4, 150 mM NaCl, 50 
mM imidazole wash (4), pure His-tagged WT IsdI (5), 1/20 dilution of pure His-tagged 
WT IsdI (6), 1/100 dilution of pure His-tagged WT IsdI (7), molecular weight ladder (8), 
TEV post-dialysis (9), and TEV pre-dialysis (10). 
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Figure C4. SDS-PAGE gel of WT IsdI cleavage with TEV. TEV post-dialysis (1), 1/20 
dilution of pure His-tagged WT IsdI (2), IsdI/TEV reaction pre-dialysis (3), IsdI/TEV post-
dialysis  (4), molecular weight ladder (5), eluted WT IsdI in 50 mM Tris, pH 7.4 (6), 1st 
reloaded eluted WT IsdI (7), 50 mM Tris, pH 7.4, 10 mM imidazole wash (8), pure 
untagged WT IsdI (9), and 1/20 dilution of pure untagged WT IsdI (10). 
 
 
Figure C5. Computational model used for all calculations, shown with the heme ruffled to 
2.2 Å. The α-meso–Fe–γ-meso angle was constrained to vary the degree of ruffling.  
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Figure C6.  UV CD of WT (black, solid line), F23A (blue, dotted line), and F23W MhuD–
heme–CN (red, dashed line) for secondary structural analysis. All collected in 10 mM KPi, 
pH 7.4 
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